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ABSTRACT 
As human population growth in Australia drives urban sprawl, the urban edges created by 
this process have the potential to impact an increasing area of native habitat. Invasive 
species are a common feature of urban edges and pose a significant threat to biodiversity 
globally. However, while it is well known that urban edges provide a point of incursion for 
invasive species, their impact on native wildlife at urban edges, whether positive or 
negative, remains poorly understood. In this thesis I examined the responses of native bush 
rats (Rattus fuscipes) to two invasive alien species that are especially common at urban 
edges along Australia’s eastern coast; the weed lantana (Lantana camara) and the black rat 
(Rattus rattus). I first compared habitat quality for bush rats in weedy urban edge, weedy 
core and ‘pristine’ core areas by examining differences in population abundance and 
demographics.  I used a multi scaled and mechanistic approach to explore the causative 
factors driving the differences in habitat quality across these areas, also applying and testing 
current edge and invasion ecology theory. 
I found that habitat quality for bush rats was relatively poor at urban edges, however, 
lantana density was positively correlated with bush rat abundance indices at edges, 
suggesting that it may ‘seal’ the edge, ameliorating other deleterious edge effects. Lantana 
appeared to provide an ecosystem service for bush rats which was evident at several scales.  
Plant architecture, measured as the evenness of vegetation in the vertical plane, was an 
important predictor of small mammal fine-scale habitat use, an aspect which has seldom 
been considered in detail for ground dwelling mammals.  
I then used a Giving Up Density (GUD) experiment to test the hypothesis that bush rats use 
lantana because of lowered perceived predation risk. I compared GUDs of feeding trays set 
in lantana to those in native vegetation and clear ground. I found that vegetation structure 
reduces bush rat perceived predation risk irrespective of species (lantana or native) 
supporting the concept that plant structure is more important than floristic composition in 
predicting habitat use by small mammals.  
Finally, I used camera traps to explore patterns in the abundance and activity of bush and 
black rats across edge, core weedy and core macrohabitats to test whether competition 
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from black rats explains poor quality habitat for bush rats at the urban edge. Being of 
equivalent size, bush rats and black rats show symmetrical competition based on residency 
(Stokes et al., 2012, Stokes et al., 2009b, Stokes et al., 2009a) (the residency hypothesis) 
which might advantage black rats at urban edges due to the strong potential for rapid 
reinvasion from urban areas where they are common. Contrary to my predictions, there 
were no negative associations in population abundance between the two species which co-
existed at several sites. Patchy distribution of black rats may explain the lack of support for 
the residency hypothesis, or the presence of lantana at edge and core weedy sites may have 
mediated competition by providing visual and physical barriers, thus facilitating co 
existence. 
Overall, my results demonstrate that invasive species do not always have a negative impact 
on fauna at urban edges in Australia, and in fact may enhance habitat quality at certain 
ecological scales. This result suggests that further work into the mechanistic basis for the 
nature of the interactions between native and alien species at urban edges is needed in 
order to balance the competing consequences of the management of entrenched alien 
species. 
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CHAPTER 1 Thesis introduction 
STUDY CONTEXT 
The urban matrix consists of built landscapes characterised by impervious surfaces 
(MacGregor-Fors, 2011), interspersed with gardens and remnant patches which are usually 
intensely modified from the original ecosystem. The matrix is inhospitable to most wildlife 
(McKinney, 2002), additionally edge effects radiate from its boundary into the surrounding 
natural areas. Edge effects have been studied extensively and continued development of 
edge theory and its application potential is important firstly because edge effects are key 
factors that drive biodiversity loss both globally and in Australia (Lindenmayer and Fischer, 
2006) and also because there are recent suggestions that the scale and scope of edge 
effects may have been underestimated (Banks-Leite et al., 2010, Ries and Sisk, 2009).  It is 
also vital to understand how bush rats respond to the urban edge as they are a key species 
for reintroduction programs into fragmented bushland surrounded by urban settlement. I 
aim to inform a larger study reintroducing the bush rats to Sydney harbour foreshore to 
block reinvasion by black rats (Banks et al., 2010-2012). The role of invasive species, 
particularly fauna, at the urban edge is still poorly understood; additionally the general 
hypotheses which frame current understanding of invasion ecology are not always 
empirically supported (Jeschke et al., 2012).  By investigating bush rat responses to the 
urban edge with a focus on invasive species in the context of these frameworks, I aim to 
increase our understanding of edge and invasion theory.    
INTRODUCTION TO THE TARGET SPECIES 
The bush rat 
The Bush Rat is an Australian native rodent (Order Rodentia, Family Muridae),  common in 
Australian coastal ecosystems where there is dense undergrowth (Lunney 2008). Their 
ecology has been researched extensively (e.g. Banks, 1999, Woodside, 1983, Wood, 1971, 
Warneke, 1971, Robinson, 1987, Taylor and Calaby, 1988, Peakall et al., 2003, Lindenmayer 
et al., 2005, White et al., 1996, Banks and Dickman, 2000), and they are known to be habitat 
generalists. Breeding may be most prevalent in spring but populations near Sydney may 
breed all year round (Taylor, 1961, White et al., 1996), especially if conditions are good, as 
they were in this study. Females are natally philopatric whereas males disperse more widely 
(Robinson, 1987, Woodside, 1983, Macqueen et al., 2008). The species is regularly used for 
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field research as they are common, easily trapped and a model species for testing ecological 
theory. Despite this, their sensitivity to urban edges is poorly understood. 
The black rat 
The black rat Rattus rattus is an archetypal synanthrope which has invaded the globe, it’s 
path of invasion closely following that of human settlement (Konečný et al., 2013). It 
probably arrived in Australia with the first fleet in 1788 and populations have subsequently 
established around the coast of Australia and throughout Tasmania (Watts and Aslin, 1981). 
The species thrives in urban areas (Dickman and Watts, 2008), as well as in adjacent 
bushland (Cox et al., 2000, Weerakoon, 2011, Watts and Aslin, 1981) and along transport 
corridors such as road edges (Downes et al., 1977). It has also been described as ‘an animal 
of the forest edge’ (Watts and Aslin, 1981), so the urban edge may represent good quality 
habitat which could potentially provide a springboard for further invasion into the bushland 
interior. Black rats negatively impact native wildlife globally in many ways, such as by 
predation, competition, spread of disease and parasites, however, there is a lack of 
understanding of these effects on Australian biota (reviewed in Banks and Hughes, 2012). 
The black rat has recently been identified as a potential competitor of the bush rat, and this 
potential may be increased at the urban edge if the black rat is indeed more prevalent 
there.  
Lantana  
Lantana Lantana camara was the most abundant weed species present at urban edges of 
my study area, and allowed consistency when comparing weed and native plant structure. 
Lantana is a shrub native to Central and South America, which forms dense thickets that 
smother other plants; a process possibly aided by allelopathy (Achhireddy and Singh, 1984, 
Muyt, 2001). Lantana is an aggregate species able to hybridise (Johnson, 2007) and has 
more than 29 different varieties (which differ morphologically). The most common variety of 
Lantana in NSW was used in this study. It usually expresses pink flowers, has strong lightly 
barbed 4-sided stems with a tendency to grow in a horizontal, interlocked pattern with 
thickets growing 2-4 m high, or taller if supported by other vegetation such as trees 
(Johnson, 2007, Muyt, 2001). Leaves are opposite and relatively small and the plant has a 
pungent odour if bruised or broken. Lantana is known to be toxic if consumed by cattle, 
rodents and other mammals (Sharma et al., 1981, Sharma et al., 1988, Pass et al., 1979, 
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Thorp and Wilson, 1998 onwards), and can affect rodent reproductive capability (Mello et 
al., 2003, Mello et al., 2005).  
Lantana was introduced to Australia as an ornamental plant in the 1840’s (Thorp and 
Wilson, 1998 onwards). It now covers over four million hectares of land, mainly in Eastern 
NSW and Queensland (NSW Department of Primary Industries, 2013). Lantana impacts 
agriculture by invading cultivated land and causing stock death, pasture loss and increased 
productivity costs (Thorp and Wilson, 1998 onwards). It severely impacts biodiversity, with 
an estimated 1321 native plant and 158 native animal species threatened by Lantana in 
Australia. Conversely, 142 animal species are estimated to be advantaged by this weed 
(NSW Department of Primary Industries, 2013) and lantana has been reported to provide 
shelter for fauna (Coutts-Smith 2006), however, the vast amount of evidence of this positive 
role of lantana is anecdotal or informal, with a few exceptions such as Goth and Vogel  
(2002) and Virkki (2012).  
EDGE MECHANISMS AND PREDICTIVE MODELS 
Edges are defined in ecology as where any two (or more) structurally different ecosystems 
are juxtaposed, creating an interface that is characterised by a different combination of 
ecological and microclimatic features to those of either ecosystem interior (Matlack, 1993, 
Murcia, 1995, Lindenmayer and Burgman, 2005). Edge effects were first studied in the early 
1900’s (for a review see Ries et al. 2004b) and it was found that the interface between 
different ecosystem types could create advantages for some species due to access to a 
wider range of resources, for example grazing and shelter where grassland abuts forest 
(Johnson et al., 1995, Yahner, 1988). Since then, the focus of edge ecology has largely been 
on anthropogenically created edges, due to their increasing extent and impact on remaining 
natural systems as global urbanisation expands. These types of edges generally have a 
negative impact on species distribution and biodiversity (Murcia, 1995, Ries et al., 2004b, 
Lindenmayer and Fischer, 2006, Laurance, 1997).  
Edge effects can be biotic (e.g. a change to predation risk), or abiotic (e.g. a change to the 
microclimate (Murcia, 1995)). They can be primary, which are changes that occur 
immediately upon creation of an edge e.g. increased light due to canopy removal,  or 
secondary which arise as a consequence of the primary changes e.g. weed growth due to 
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increased light (Harper et al., 2005). Different types of edge effects are usually interactive, 
and the properties of edges can be a mix of those of each adjoining ecosystem or they can 
consist of emergent properties i.e. those that are unique to that habitat (Liddicker, 1999). 
Edge effects can cause a response by biota that is commonly measured as abundance, but 
other variables can be used. An increase of the measured variable as it approaches the edge 
is called a positive response, no change in the variable is described as neutral and a 
decrease is called a negative edge response (Ries et al., 2004b). Although ‘edge effects’ is a 
collective term for a group of related effects on biota, the responses to an edge by flora and 
fauna are species specific (Schlaepfer and Gavin, 2001, Bock et al., 2002, Youngentob et al., 
2012), and can vary even at small scales in time and space (Laurance et al., 2007). The 
impacts of edges are most often reported to occur within 50 - 150 m from the boundary of 
the interface (Murcia, 1995, Laurance et al., 2007, Matlack, 1993), although cascading 
effects can resonate for much greater distances. Indeed there is increasing evidence that 
the scope of edge effects is greater than previously realised and it is suggested that 
anthropogenically created edges can affect ecological processes for several kilometres 
beyond their immediate vicinity (Laurance et al., 2002, Laurance, 2000).  It is also suggested 
that edge effects drive changes in fauna and flora that were previously attributed to other 
processes such as habitat fragmentation (Ries and Sisk, 2009, Banks-Leite et al., 2010).. 
An increasingly mechanistic approach has been employed for the study of edge effects 
including a focus on developing frameworks to explain variation of edge effects and species 
responses to them. Fundamental processes that drive population responses to edges 
include species movement or ecological flow (including cross boundary subsidies), mortality, 
access to spatially separate resources, resource mapping, and interactions of species or 
processes (Fagan et al., 1999, Ries et al., 2004b). Other principles are also recognised, for 
example, the importance of the landscape matrix, and contrast between the component 
patches in affecting the strength of species responses at the edge (Brady et al., 2011, 
Franklin and Lindenmayer, 2009, Santos-Filho et al., 2012, Laurance, 1997, Harper et al., 
2005).  Using this framework of understanding, models can be generated to predict the 
species specific responses to an edge. For example, Lidicker (1999) proposed that species 
responses may fit into one of two fundamental models; the ecotone or matrix, and I use this 
concept to guide and interpret my investigation of bush rat responses to the urban edge. 
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The matrix model reflects a response to the properties of the adjoining ecosystems, 
whereas the ecotone model reflects emergent properties that are different to the 
properties or combination of properties inherent to the adjoining ecosystems (Figure 1.2). 
 
 
Figure 1.2 Representation of a species response to an edge (after Lidicker 1999). See text 
for explanation. 
The matrix effect generates a clearly demarcated response to each ecosystem (Figure 1.2; 
1b and d), except for 1a where there is no response and 1c where there is a response to a 
mix of the ecosystem properties. In this case the extent of the response would correspond 
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to the degree of the mix (Liddicker, 1999). Where there is an ecotone response (Figure 1.2;  
2a, b, c, d) the emergent quality of the ecotone is revealed in the increase or decrease of the 
response variable, which is not attributable to either ecosystem or a mix of their properties 
(Liddicker, 1999). Examples of both response types were found in a study on birds and 
mammals at an urban edge using measures of abundance and independently derived 
knowledge of habitat associations (Kristan III et al., 2003). The negative response of some 
species was predictable from habitat changes at the edge (a matrix response), whereas the 
negative response of other species could not be predicted by habitat changes and it was 
concluded that emergent properties were driving an ecotone response for these species 
(Kristan III et al., 2003). 
URBAN EDGES 
Australia’s human population is growing at a rate of 1.5 % per annum and is predicted to 
reach 44.7 million by 2101 (medium projection, Australian Bureau of Statistics, 2012). 
Population growth drives an increase in dwellings (McDonald, 2008), causing  fragmentation 
of remaining bushland (Garden et al., 2006) and consequently an increase in the ratio of 
bushland edge to interior. In the northern sector of the study area (the Central Coast of New 
South Wales (NSW)) alone, 1,900 ha will be developed to accommodate a population 
increase of 37,400 people requiring 17,000 new dwellings (NSW Department of Planning 
and Infrastructure, 2012). It is increasingly important to understand how resulting urban 
edges change ecological functions.  
Urban edges may be characterised by different habitat features than natural edges due to 
anthropogenic influence. Urban driven abiotic and biotic primary changes may include air, 
water, land, noise and artificial light pollution (Leishman et al., 2004, Smith and Smith, 
2010). Secondary changes may include soil compaction and changes to the fauna 
assemblage.  For example distribution patterns of black bears Ursus americanus at the 
urban edge in North America were changed due to the extent of edible rubbish at the urban 
edge, which increased habitat quality there (Beckmann and Berger, 2003). Urban edges can 
also facilitate establishment of alien species, particularly weeds. A weed is any plant that 
requires management to control its effect on the environment or economy (Department of 
sustainability, 2013). Weeds are invasive and usually alien species, they have the potential 
to threaten biodiversity and profoundly change ecosystem processes (Downey et al., 2009). 
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Once a weed has established at an edge it is well placed to invade the interior of bushland 
or spread along the boundary (e.g. Holle and Simberloff, 2005, Alston and Richardson, 2006, 
Smith and Smith, 2010, Brooks, 2007).  
INVASION ECOLOGY 
Invasive species are one of the most important drivers of biodiversity loss globally 
(International Union for the Conservation of Nature, 2013, Sala et al., 2000, Davis, 2010). In 
NSW, weeds are implicated in the threatening process of 45% of threatened species, and 
invasive fauna affect 38% (Coutts-smith and Downey, 2006a). Three factors influence the 
success of biotic invasion. Firstly suitable vectors or pathways are required to transport the 
species to the invasion point outside their natural range. Secondly the manner of the 
introduction is important for successful invasion– there needs to be sufficient numbers of 
individuals or propagules to sustain pressure and support establishment (Kolar and Lodge, 
2001, Lockwood et al., 2005), and separate sources are required to ensure genetic diversity 
which supports persistence (Kolbe et al., 2004, Konečný et al., 2013). Thirdly, invasive 
species and the ecosystems they invade may have certain traits that predispose them to 
invade successfully or be invaded respectively. For the invader these may include but are 
not restricted to: mode of reproduction (Kolar and Lodge, 2001), phenotypic plasticity 
(Davidson et al., 2011), superior competitive or predatory ability (Sax and Brown, 2000), 
possession of novel biochemical ‘weapons’ such as allelopathy  (Hufbauer and Torchin, 
2007, Callaway and Ridenour, 2004), pre-adaptation to conditions in the new environment 
(Sax and Brown, 2000, Hufbauer and Torchin, 2007) including an ability enter a mutualistic 
relationship with another invasive species there (invasion meltdown) (Simberloff and Von 
Holle, 1999). Hufbauer and Torchin (2007) draw a distinction between processes that give 
invaders an advantage relative to native species at the point of introduction, and processes 
that give invaders an advantage relative to conditions they experience in their native range; 
the latter promotes strong invasion. In a key-lock manner, characteristics of ecosystems can 
enable such invader traits (Cornelius et al., 1990, Heger and Trepl, 2003), for example where 
there are insufficient natural enemies to contain populations (enemy release hypothesis), 
where resources are underutilised by native species (empty niche hypothesis) or where 
good quality habitat which advantages native species also advantages invasive species 
(biotic acceptance). Alternately invaders can be blocked by resistance from resident 
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communities (biotic resistance). It is important that such hypotheses are supported by 
quantitative data, which is sometimes lacking (Jeschke et al., 2012). Consequently 
understanding of some mechanistic processes and invader-ecosystem interactions remain 
poorly understood (Jeschke et al., 2012, Levine et al., 2003). There is also little 
understanding of the effects of invasive species at urban edges on native fauna, despite the 
fact that many studies document the incursion of invaders from such edges.  
WEEDS AS HABITAT 
Vegetation provides a range of resources for small mammals, such as food (Banks and 
Dickman, 2000, Robinson, 1987), visual and structural protection from predators (Strauß et 
al., 2008, Arthur et al., 2004), and mitigation of adverse microclimate (Murcia, 1995, Didham 
and Lawton, 1999, Young and Mitchell, 1994).  Whilst studies examining the impacts to 
fauna where weeds replace native vegetation are limited, they indicate that the process can 
have an important and proximate effect on faunal responses by altering ecosystem 
composition (e.g. Dutra et al., 2011, Gosper and Vivian-Smith, 2006). Effects may be 
greatest where changes to key influences on small mammal ecology such as food resources 
and predation risk occur (Batzli et al., 1999).   
Weeds are a common feature of the urban edge (Alston and Richardson, 2006) as they can 
be advantaged by increased light (Thorp and Wilson, 1998 onwards), soil moisture and 
nutrients (especially nitrogen) (Bidwell et al., 2006). These conditions are a product of 
physical removal or disturbance of native vegetation (Hobbs and Yates, 2003), urban water 
runoff or air pollution (National Trust of Australia, 1999, Smith and Smith, 2010, Alston and 
Richardson, 2006). Propagules are spread into the bushland close to urban centres by the 
dumping of garden clippings or escape of garden plants (Timmins et al., 2010, Raloff, 2003, 
Smith and Smith, 2010), and by vectors such as humans, domestic pets and vehicles (Von 
Der Lippe and Kowarik, 2007), all of which are more common at the edge than the interior 
of bushland.   
There are now more introduced plant species in Australia (approximately 27,500) than there 
are native (approximately 24,000) (Thuilier, 2012), and according to the ‘tens rule’ 
(Williamson and Fitter, 1996), 10% of these alien species are likely to appear in the wild and 
10% of those are likely to become established. In New South Wales (NSW) only 9% of native 
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vegetation is now unaffected by disturbance and weeds (Australian State of the 
Environment Committee, 2012). Clearly it is important to understand how weeds change 
the landscape and the impacts such changes have on fauna. There has been a recent focus 
on this topic (e.g. Dutra et al., 2011, Virkki et al., 2012, Mattos and Orrock, 2010) which 
indicates that weed structure can advantage small fauna but there is scope for further 
exploration of how ecosystem processes are altered when weeds replace native plants 
(Johnson, 2007, Grice, 2004, Vidler et al., 2004, Coutts-smith and Downey, 2006a). For 
example, weeds may affect the fine scale habitat use and movement patterns of small fauna 
(Hitchen et al., 2011).   
SPECIES INTERACTIONS AT THE URBAN EDGE 
Examination of species interactions is important to understand how ecological processes are 
shaping species responses. Lantana and black rats are two invasive species that may cause a 
negative response by bush rats at the urban edge. The black rat and the bush rat are 
sympatric species with similar diet, body form, size, and habit (Stokes et al., 2009a, Watts 
and Aslin, 1981). They are both small nocturnal rodents, opportunistic omnivores (both are 
mycophagous to a degree (Vernes and McGrath, 2009, Vernes and Dunn, 2009)), and r- 
strategists inhabiting native forests along the east coast of Australia. This similarity is 
reflected in competitive outcomes, where residency tips the balance in predicting success 
(Stokes et al., 2012, Stokes et al., 2009a, Stokes et al., 2009b). This may be an important 
process at the urban edge where the black rat may be advantaged. Inter-specific 
competition is a fundamental driver of species composition which has been poorly studied 
in the urban context (Shochat et al., 2010). Weeds may also advantage black rats, through 
the process of invasion meltdown. I will examine whether this lowers habitat quality for the 
bush rats. 
THESIS AIMS AND STRUCTURE 
In this study I aim to use a mechanistic approach to explore bush rat responses to the urban 
edge with a focus on the impact of invasive species, thereby firstly filling gaps in our 
understanding of invasive species impact at Australian urban edges, secondly supporting 
current theoretical frameworks of edge effects and invasion biology and thirdly assisting 
predictions of the outcomes of reintroduction programs. In this study I will examine the 
inter relationships between an  invasive plant species, an invasive  animal species and a 
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native animal species at the urban edge to test which mechanisms are shaping their 
responses.  
In Chapter 2 I used capture-mark-recapture and spool and line techniques to examine 
habitat use by bush rats in edge, core weedy and core habitats. These macrohabitat types 
were used in order tease apart the effect of weeds from other edge effects. I aimed to 
determine whether edges are poor quality habitat for bush rats and if so whether weeds 
(lantana) are a causative factor. The study was at two scales; macrohabitat, where I 
compared bush rat distribution and demography, and microhabitat where I examined their 
fine scale use of habitat, including vegetation architecture as well as more traditional 
measures of habitat structure. Results were discussed in the context of the matrix/ecotone 
model (Lidicker, 1999) and current edge theory. Results indicated that urban edges are poor 
quality habitat for bush rats and that lantana is an important predictor of bush rat habitat 
use at two scales. This understanding was used as a basis to explore causative mechanisms 
for the reduction in bush rat habitat quality at the urban edge in following chapters.  
In Chapter 3 I tested the hypothesis that the mechanism driving bush rat use of lantana at 
two scales was mediation of perceived predation risk. I used a Giving Up Density (GUD) 
experiment to compare bush rat responses under lantana, native vegetation (represented 
by bracken Pteridium esculentum) and clear ground, with the two vegetation types of the 
same density. The implications of the results and several challenges encountered in the 
implementation of the technique were discussed. 
In Chapter 4 I investigate whether black rats are more abundant at the urban edge due to 
mechanisms such as ‘spill over’ from the urban matrix, and whether their presence alters 
habitat quality for bush rats. Using transects of video cameras at the same macrohabitat 
types used in Chapter 2 I examined whether partitioning in time, space or use of habitat 
features occurred. Results were discussed in the context of recent invasion and competition 
hypotheses.  
In Chapter 5 I draw together the results of each chapter and look at where it supports 
existing frameworks of edge and invasion ecology theories, and where it raises further 
questions or highlights areas of poor understanding.    
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CHAPTER 2 Habitat use by the bush rat Rattus fuscipes 
at the weedy urban edge: a study at two scales 
ABSTRACT 
As urban development continues to expand in Australia, bushland is increasingly impacted 
by urban edge effects. The consequences for native mammals and the mechanisms driving 
their responses are relatively poorly understood.  In this chapter I examine the effect of 
weedy urban edges on the native bush rat Rattus fuscipes at both a landscape and fine scale 
using trapping and spool and line techniques.  I begin to tease apart the mechanisms 
causing edge effects in the context of current edge and fauna distribution theories, with a 
focus on the weed lantana Lantana camara. Bush rats were shown to avoid the urban 
matrix at a fine scale. Comparison of abundance indices indicated that the urban edge was 
poorer quality than core or weedy core habitats, with bush rat response to the edge fitting 
an ecotone rather than matrix model (Liddicker, 1999). A demographic snapshot of the 
population across different habitat types indicated that an ideal free distribution pattern 
was being followed so results were not attributable to despotic influences. At edge habitats 
a positive correlation between bush rat abundance indices and lantana density may indicate 
that lantana functions as an emergent characteristic of urban edges by improving habitat 
quality. This hypothesis was supported by the fact that the rats travelled within the weed 
thickets more than in native vegetation due to a combination of plant density and 
architecture. Bush rat preference for a path within lantana over rode preference for other 
habitat features known to be important to bush rats such as the structural complexity 
represented by small logs and leaf litter depth. This multi-scaled examination revealed how 
a weed species alters habitat quality and use by native fauna. Studying the response of bush 
rat populations in this context provided insight into what factors might be important in 
causing negative small mammal population responses at the urban edge. 
INTRODUCTION 
This chapter examines bush rat sensitivity to urban edges and begins to tease apart the 
effect of lantana Lantana camara on bush rat Rattus fuscipes habitat use from other edge 
effects. Bush rat habitat use was studied at two scales to gain greater insights into 
mechanisms affecting populations in weedy edge habitats. Fauna response to habitat is 
scale dependent, and a multi-scaled approach is more likely to reveal habitat associations 
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(Haythornthwaite and Dickman, 2006, Holland et al., 2004, Leiner et al., 2010). At the macro 
scale I compared differences in bush rat populations and at the micro scale I examined the 
use of habitat elements in weedy edge, weedy core and core areas. In this study urban 
edges are comprised of two types of adjacent ecosystems: Australian native bushland and 
the urban matrix, and also the gradient between them which is defined here as the 
‘ecotone’. The ecotone was visually distinct as a mix of bushland, areas of open disturbed 
ground such as walking paths, and weedy patches. The urban matrix was inhabited by >10 
people per ha., with services such as power, water, drainage (MacGregor-Fors, 2011) and 
roads, with associated gardens and small patches of remnant bushland. Edge effects specific 
to and obvious within urban/bushland ecotones in the greater Sydney area include 
increased rubbish, anthropogenic disturbance (in the form of increased noise, movement 
and light), increased presence of exotic vertebrates, such as domestic cats Felis catus and 
dogs Canis lupus familiaris (likely to be perceived by the bush rats as predators) as well as 
black rats, Rattus rattus, (potential competitors of bush rats) and weed growth (Smith and 
Smith, 2010, Old and Wolfenden, 2010, Weerakoon, 2011).  
Bush rat use of the urban matrix 
In order to understand a species’ response to a habitat edge in the context of current model 
frameworks, the species’ response to the adjacent ecosystems must be defined (Brady et 
al., 2011, Lidicker, 1999, Ries and Sisk, 2004).  Bush rats are known to inhabit core habitat 
throughout the study area (NSW National Parks and Wildlife Service, 2000), but their 
response to the urban matrix is unknown. Garden et al. (2006) define three responses of 
wildlife to anthropogenic development; (a) matrix occupying: species with the ability to 
occupy and persist in the urban matrix; (b) matrix sensitive: species which do not occupy or 
persist in the urban matrix, but which can persist in remnant bushland within the urban 
landscape; and (c) urban sensitive:  species that do not persist in the urban landscape. As 
Bush rats can persist in some bushland remnants within the urban landscape (NSW National 
Parks and Wildlife Service, 2000, Garden et al., 2007, van der Ree and McCarthy, 2005) it is 
likely that they do not fit the urban sensitive definition, however, they may be matrix 
sensitive. Only one study has explicitly studied bush rat propensity to enter the urban 
matrix, although in this case sample size was too small for formal analysis (n<10). No bush 
rats were found in the urban matrix, though they were present in core habitat (Brady et al., 
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2011). It is likely that bush rats avoid the urban environment as they generally avoid 
anthropogenic features such as roads and pastures (Barnett et al., 1978, Goosem, 2000) and 
are commonly reported not persisting in urban areas (Mosman Council, 2012, Rockdale City 
Council, 2012, RATSAK, 2010, Vet HQ, 2011, Seebeck and Menkhorst, 2000, Australian 
Museum, 2009-2012). This is despite the bush rats’ biological and ecological similarity with 
the black rat which thrives in the urban environment utilising the abundant resources of 
food and shelter it provides (Garden et al., 2006, Beckmann and Berger, 2003, NSW National 
Parks and Wildlife Service, 2000), which will be discussed further in Chapter 4.   
Bush rat edge response 
The majority of studies indicate that bush rats are negatively affected by anthropogenic 
edge effects, however, the edge areas studied so far  have been created by plantation, 
pasture (Bentley, 2008), roads (Barnett et al., 1978, Ryan, 1999) and campsites (Stokes et 
al., 2009a), rather than the urban matrix, with one exception (Brady et al., 2011). This study 
found fewer rats in urban edges (n = 2) than core habitats (n = 6) though sample sizes were 
too small for formal analysis. These results suggest that bush rats are likely to be negatively 
affected by urban edges.  
The urban/bushland interface being studied here is likely to be composed of emergent 
qualities as several of the visible edge effects were not visibly characteristic of either 
adjoining ecosystem (e.g. weeds), or were different in character (e.g. piles of garden or 
building rubbish as opposed to litter) also the effects are likely to be interactive and possibly 
synergistic (Murcia, 1995). This is suggestive of an ecotonal rather than a matrix effect 
(Lidicker, 1999), so it is likely that the bush rat’s edge response fits the ecotone model.   
Assessing species response to habitat quality  
A species response to edges is a response to issues of habitat quality. Population density 
used alone may be a misleading indicator of habitat quality (Van Horne, 1983) because it 
may be partly or wholly a response to source/sink dynamics (Mosser et al., 2009), the 
species’ distribution pattern (Fretwell and Lucas, 1969), or other social constructs (Skagen 
and Yackel Adams, 2011). For example, although the population density of yellow-legged 
gulls Larus michahellis  was similar between two distinct and neighboring habitat patches, 
indicators of breeding and survival were lower in one patch, indicating poorer quality there 
(Oro, 2008). As long as population density indicators are used in combination with other 
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measures (such as population fitness, structure or dynamics), patterns of (inferred) habitat 
quality can be mapped on a spatial or temporal scale, revealing the mechanisms and 
processes driving population changes (Mosser et al., 2009, Skagen and Yackel Adams, 2011, 
Beckmann and Berger, 2003).  
Two main theories describe how animals distribute themselves in habitats of differing 
quality; namely the ideal free and ideal despotic distributions (Fretwell and Lucas, 1969, 
Fretwell, 1972). Under an ideal free distribution, all individuals first choose the optimal 
habitat until population pressure depletes its value, then habitats of lower quality are 
occupied. This theory assumes no restrictions on movement, such as dispersal barriers or 
territoriality, and that individuals are able to discern differences in habitat quality. It 
predicts that population density is positively correlated with habitat quality, and that all 
individuals have equal fitness. Under the ideal despotic distribution, some form of 
territoriality or dominance disconnects the correlation; good quality patches are defended 
by dominant animals and resources are underutilized; excluded individuals are distributed 
within sub optimal patches. Fitness differs between the dominant individuals living in 
optimum habitat and those forced in to inferior patches. Population density may or may not 
vary with the difference in quality between the patches and their carrying capacity (Van 
Horne, 1983) e.g. a good quality patch may support two very fit dominant individuals, a 
poorer quality patch may still support two animals, but they will be of lesser fitness. In order 
to accurately interpret the meaning of different abundance patterns of a species across 
habitat types it is important to consider which distribution pattern is in operation.  
Assuming that habitat quality is lower at edge sites, it is unknown whether bush rats are 
more likely to follow an ideal free or ideal despotic distribution, as it depends largely on the 
extent of territoriality exhibited by the population, and many aspects of this species’ socio-
biology still remain poorly understood (Breed and Ford, 2007). If a despotic distribution is 
followed, the pattern may be most evident within the female demographic, and/or between 
age class (adult and juvenile) distribution. This is because female territoriality during 
breeding season has been inferred from partitioning of home ranges, and also from captive 
behavioral studies (Robinson, 1987, Woodside, 1983). In this case, females of greater fitness 
may dominate the higher quality habitat of core areas forcing less fit females into the 
poorer quality edge sites. Likewise, juvenile bush rats, especially males, may be more 
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abundant at edge sites if they are, like several other Rattus species (Berdoy and Drickamer, 
2007), subordinate to adults and consequently pushed into poorer habitat.  However, Wood 
(1971) did not find any separation of female home ranges during bush rat breeding season, 
and some degree of sociality during winter has been recorded including nest sharing 
(Woodside, 1983, Sanecki et al., 2006b). This indicates that like other rodent populations 
(Krebs et al., 2007) bush rat social structure may be quite plastic, and a female based 
despotic breeding structure may only occur under some conditions.   
Is lantana a proximate cause of edge effects on bush rats? 
If the urban edge is poorer habitat for bush rats, which habitat features reduce its quality? 
Lantana is an obvious characteristic of the urban edge locally but its effect on habitat quality 
for small mammals such as the bush rat is unknown. It’s toxicity and impact on reproduction 
(Chapter 1 ‘Introduction’) may have a negative impact on rodent populations and  it may 
impede movement due to its dense strong stem architecture, and reduce food resources 
directly by replacing palatable plant species or indirectly by reducing biodiversity (Coutts-
smith and Downey, 2006a). Additionally there is some evidence of an association between 
lantana infestation and a loss of mychorrhizal fungi (Fernandes et al 2001), which is an 
important food source for bush rats. Several studies (Martin and Banks, 2010 unpublished, 
Umetsu and Pardini, 2007, Jellinek et al., 2004) have found that endemic small fauna tends 
to be distributed within native, rather than non native vegetation.  
Nevertheless there is increasing evidence that lantana may provide an important function 
for small mammals and birds. In some areas survival of brush turkey Alectura lathami chicks 
is at least partially dependent on lantana thickets, which appear to provide decreased 
predation risk, particularly from cats and birds of prey (Goth and Vogel, 2002). Long-nosed 
bandicoots Perameles nasuta have been reported to nest under lantana (Chambers and 
Dickman, 2002) and long-nosed potoroos Potorous tridactylus may also utilise this resource 
(Burgman and Lindenmayer, 1998). A recent overseas study found that perceived predation 
risk for endemic rodents was reduced where a shrubby weed invades an ecosystem (Mattos 
and Orrock, 2010).  Martin (2010) also found that weedy patches (including lantana) 
harboured greater numbers of black rats than patches regenerated with endemic 
vegetation. These observations suggest that the structure of vegetation can be more 
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important for small mammals than the floristic composition (MacArthur et al., 1966, Barnett 
et al., 1978, Garden et al., 2007).  
Plant architecture  
There is an abundance of evidence that bush rats prefer ‘structurally complex habitat’, 
which is usually defined as a prevalence of habitat features such as logs, stems, trees and 
dense vegetation cover (Warneke, 1971, Holland and Bennett, 2010, Barnett et al., 1978, 
Maitz and Dickman, 2001, Braithwaite et al., 1978, Holland and Bennett, 2007, Robinson, 
1987). This term is distinct from ‘vegetation structure’ which is a general term describing 
vegetation properties other than floristic composition (Barkman, 1979, van der Maarel, 
2005), and which will be used here to refer collectively to vegetation density, cover and 
architecture. The term ‘vegetation density’ refers to the extent to which the plant biomass 
visually obscures an object or the ground.  The term ‘vegetation cover’ refers to the area 
occupied  by the plant as a percentage  of the surface area of the sample plot (van der 
Maarel, 2005). ‘Vegetation architecture’ is a component of habitat structure, however, 
there is little understanding of how it relates to habitat use by small mammals. While its 
definition can vary, vegetation architecture usually refers to, and will be used in this study 
as; the three dimensional physical arrangement of plants and their parts (Godin, 2000, 
Barthélémy and Caraglio, 2007, Reinhardt and Kuhlemeier, 2002). Leaf or stem connectivity 
(Marquis and Lill, 2010, Hannunen, 2002), stem orientation (Rudgers and Whitney, 2006) or 
extent of branching (Reinhardt and Kuhlemeier, 2002, RiihimÄKi et al., 2006) are among 
expressions of vegetation architecture which are well known to influence invertebrate 
ecology (e.g. Hannunen, 2002, Lawton, 1983, Haysom and Coulson, 1998, Pearson, 2009, 
Langellotto and Denno, 2004).  Whether such aspects of vegetation architecture influence 
mammal habitat use is not well understood; it may be important since stem orientation can 
predict black rat habitat use (Cox et al., 2000) and foliage height diversity (FHD) can 
influence patterns of small mammal distribution (Bennett, 1993, August, 1983, Braithwaite 
et al., 1989, Els and Kerley, 1996).  FHD was defined in the 1960s as a measure of the 
evenness of vegetation density in the vertical plane (MacArthur and MacArthur, 1961) and 
following Sutherland et al. (2004) I include FHD under the definition of plant architecture 
since it is an expression of vegetation arrangement. I will be exploring whether bush rats 
respond to differences in the evenness of vegetation strata in the vertical plane. Lantana 
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appears to have a complex stem architecture and dense growth that may fulfill the bush rats 
requirements of structural habitat complexity, thus acting as a structural proxy for native 
vegetation.  
Aims 
Using trapping and spool-and-line techniques I aim to determine bush rat sensitivity to the 
urban edge in the context of the ecotone/matrix model (Lidicker, 1999). I will examine 
population differences in edge and non-edge habitat in the context of distribution pattern 
theory (Fretwell and Lucas, 1969, Fretwell, 1972) using indices of population structure, 
distribution and fitness, to assess and compare habitat quality.  Population structure is 
defined as the relative abundance of demographic classes such as age and gender. 
Distribution is defined as how the population is arranged over the different macrohabitat 
types. Population fitness is assessed from the average body weight and reproductive output, 
measured by the number of juveniles and adults in breeding condition. Higher body weights 
and greater reproductive output are indicative of higher population fitness. If bush rat 
response to the edge is negative, I aim to determine whether the weed lantana functions as 
a structural proxy for native vegetation, in which case it is unlikely to be a driver of negative 
bush rat edge responses. A supplementary aim is to explore bush rat response to vegetation 
architecture in lantana and native vegetation.  
Hypotheses and Predictions 
Bush Rat use of the urban matrix 
Hypothesis 1: Bush rats are urban sensitive 
Prediction 1: Rats trapped in bushland at the urban edge will not cross in to the urban 
matrix. 
Habitat quality 
Hypothesis 2: The bush rat response to the urban edge fits the ecotone model (Lidicker, 
1999) with the ecotone being poorer quality habitat for bush rats than the core due to edge 
effects. 
Hypothesis 3: The distribution patterns will reflect a female and/or age class based despotic 
structure based on current understanding of bush rat social structure.  
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Prediction 2 and 3:  Fitness (measured by demographic indicators) will be better in core 
habitats compared to edges, and despotism will be reflected by a greater proportion of 
females and/or adults in the optimal core patches. Population abundance indices may or 
may not be different.  
Is lantana a proximate edge effect on bush bats? 
Hypothesis 4: Lantana provides a structural alternative to native vegetation for bush rats, 
and does not function as an edge effect.  
Prediction 4: At macro scale, populations of bush rats in core weedy and core areas are not 
different. At fine scale there is no difference in the paths of random and animal spools with 
respect to scores of abundance (% cover or density) of lantana, since it is a structural proxy 
for the extant native vegetation, and structure is more important than floristic composition.  
Vegetation architecture  
Hypothesis 5: vegetation architecture is a predictor of bush rat habitat use. 
Prediction 5: At fine scale certain artificial categories, developed to describe frequently 
occurring vegetation architecture patterns based on the evenness of the horizontal strata, 
will be featured along rats path either more or less than expected given availability.   
METHODS 
Study Area 
Study sites were within bushland in National Parks, State Forests and Council Reserves on 
the Central Coast and Northern Sydney regions of New South Wales (NSW) Australia, in 
areas within the core distribution range of bush rats (Lunney 2008) (Figure 2.1). All sites 
were within a large area of contiguous bushland, (> 10ha) to control for the effects of 
habitat fragmentation, as fauna populations in fragmented habitats may have different 
density and demography to those in un-fragmented habitats (Holland and Bennett, 2010, 
Cox et al., 2003, Dunstan and Fox, 1996, Collinge, 2009).  
Macrohabitat types 
Three macrohabitat types (edge, core weedy, and core; n=18, six replicate sites) were 
sampled using capture-mark-recapture, to determine the minimum number of bush rats 
known to be alive. Sampling was undertaken between 02/09/2009 and 30/02/2010. Edge 
macrohabitats were sampled with transects <50m from the urban boundary on the 
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bushland side and were characterised by lantana and anthropogenic disturbance. The urban 
boundary was defined as the visible demarcation between bushland and the urban 
environment, specifically the point at which anthropogenic development or clearing 
covered ≥ 80% of the ground. The demarcation was usually clear, e.g. lawn, backyard fence, 
road or building abutting the bush land. Core weedy macrohabitats were situated in the 
interior of the National Park or Reserve, and were characterised by the presence of lantana, 
surrounded by native bushland. Core sites were characterised by ‘pristine’ bushland 
(undisturbed and non weedy).  Weedy core and core sites were as far away from an edge 
(urban or agricultural) as possible, given logistical constraints. Minimum distance to edge for 
either was 200m, mean core site distance to edge was 466m (n = 18, SD = 405), mean core 
weedy site distance to edge was 413m (n = 18, SD = 206). Most studies on edge effects show 
they penetrate less than 150m (Laurance et al., 2007, Murcia, 1995, Matlack, 1993).  In 
Sydney bushland, measurable changes to vegetation due to the urban edge have 
predominated in the first 30 - 60 m (Rose and Fairweather, 1997, Smith and Smith, 2010). As 
aspect can influence the strength of edge effects (Murcia, 1995) only edges facing North-
East or South-East sectors were selected. 
Attempts were made to locate non-weedy edges in order to create an orthogonal two factor 
experiment design (weeds and edges), however, most non-weedy edges were new (only 
months or weeks old) or under construction. New edges are impacted by different effects to 
old edges; they are characterised by strong primary and microclimatic effects (Harper et al., 
2005, Matlack, 1993, Oosterhoorn and Kappelle, 2000). They were not commensurable with 
weedy edges, which are older; weed growth is an example of secondary edge effects 
(Harper et al., 2005). In addition there was either increased human activity at non weedy 
edge sites due to construction, or decreased activity due to the hiatus between completion 
of the housing estate, and occupation.  
The sites were within one of three forest types: dry open forest, open woodland and 
temperate rainforest. These were represented evenly across edge, weedy core and core 
sites to control for effects of patch quality. Sites were considered independent as all were > 
800m apart by land, well above the 100-200m2 home range of bush rats (Maitz and 
Dickman, 2001, Wood, 1971) and also outside of typical dispersal distance (Macqueen et al., 
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2008, Warneke, 1971). During trapping no rats were recorded crossing between sites, 
supporting the assumption of site independence. 
One representative of each macrohabitat type was randomly chosen and grouped into a trio 
which was sampled at the same time, and which constituted one replicate where 
environmental conditions such as moon phase and weather were standardised. One 
exception to the random nature of grouping was a trio of sites with difficult access which 
were sampled together for logistical reasons (Figure 2.1 trio designated ‘E’). 
Field procedure, trapping. 
Aluminum folding Elliott traps (33 x 10 x 8cm) were used to sample bush rat populations. 
Non absorbent cotton wool was placed at the back of the trap for bedding and insulation, 
and then a bait ball made from a mix of peanut butter, oats and honey was placed on top of 
the bedding. During dry warm weather conditions a piece of rockmelon approximately 2cm2 
was also added to provide water and was often eaten in preference to the bait ball. A plastic 
bag enclosed the back half of the trap to weather proof it.  The trap was always placed with 
the open end slightly downhill, to prevent the plastic bag filling with rainwater.  
Sites were sampled with a transect line comprising 15 traps set 12m apart set for a total of 6 
consecutive nights. Pre-baiting was undertaken for the first 3 nights to reduce or negate 
neo-phobia which can reduce trap success (Tasker and Dickman, 2001). During pre baiting, 
baited traps with bedding were left upside down with the door open which deactivated the 
trigger mechanism. All traps were nonetheless checked daily during pre-baiting in case of 
accidental trapping (which was rare).  After the third night of pre-baiting, the traps were re 
baited, activated, and replaced where soiled by urine or faeces. Capture-mark-recapture 
procedures were undertaken over the next 3 nights. Processing of traps began at dawn. Non 
target animals were identified to species level prior to release. All captured bush rats were 
transferred to a calico bag, then weighed, sex recorded, assessed for reproductive status 
(see below) and marked by clipping a small amount of fur on the left flank so that over 
following days recaptured animals could be distinguished from new ones. They were then 
released. Traps that had captured an animal were replaced with clean ones containing fresh 
bait and bedding, to reduce the chance of trap success being influenced by a response to 
odor (Daly et al., 1980, Boonstra and Krebs, 1976). Dirty traps were later cleaned with warm 
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water and detergent, rinsed and dried before re use. Traps were left open during the day, 
and were checked in the evening to release any diurnal captures (a rare occurrence). All 
animal processing was undertaken 5m away from the actual trap sites to avoid disturbance 
of the vegetation structure.  
Assessing Population Structure  
Animal sex was determined by observing the presence of teats, an open vagina or the 
puckering of tissue signifying an imperforate vagina indicating that it was a female, or the 
presence of testes or epidydimes indicating it was a male. For non reproductive animals 
such as juvenile sex was determined using comparative ano-genital distance (Watts and 
Aslin, 1981). Juveniles were defined as animals ≤ 60g and as being pre dispersal, following 
Warneke (1971), Wood (1971) and Robinson (1987).  Adults were defined as animals > 100g: 
all animals of this weight range in this study showed reproductive development, in that 
males had testes descended or palpable, females had an open vagina, and teats visible or 
palpable. Sub adults were defined as animals 61-100g. 
The reproductive development of individuals was ranked as follows, adapted from Aplin, 
Brown et al (2003): Females were classed as 1: teats not visible/palpable or very small and 
hidden by fur, 2: teats easily visible, but with fur at the base, or 3: actively reproductive if 
they had raised swollen teats and/or teats furless at the base with or without 
discolouration. Males were classed as 1: no testes visible or palpable and epididymal pouch 
indistinct, 2: testes partially descended and epididymal pouch indistinct or 3: testes fully 
descended and epididymal pouch full and distinct. 
Microhabitat use  
To determine whether microhabitat features affect trap success, 15 microhabitat variables 
known from previous studies to influence patterns of habitat use by bush rats (Stokes et al., 
2009b, Maitz and Dickman, 2001, Cox et al., 2000) were scored for a 1m radius around each 
trap (Table 1). At edge and core weedy sites, distance to the edge of the lantana thicket was 
included as a variable, as well as distance to the urban edge at edge sites.  The sample unit 
was photographed so that consistency of categorisation of variables over time could be 
maintained. Method and units of measurement for each variable is delineated in Table 1. 
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At edge and core weedy sites, traps were placed under lantana where it was within 10m of 
the transect line; otherwise they were placed under the extant vegetation on the line. Thus 
lantana, native vegetation and combinations of both were sampled at all transects.  
Vegetation density was measured following Cox (2000) using a wooden cover-board 50 x 
50cm scored with a grid 10cm2 (Table 2.1 and  Figure 2.2). Due to the great variation of 
vegetation structures across and within sites (e.g. difficulties comparing grasses to the 
complex stem structure of lantana), and the fact that the cover-board could not be used to 
obtain an aerial view, an additional measure of vegetation density was developed (the 
’pictorial reference’ method (Table 2.1 and Figure. 2.3)) to incorporate a different 
perspective. This method was felt to be a more ‘genuine’ evaluation of predator/prey 
perspectives although it was more subjective than the cover-board method. It also had an 
added advantage of being quick to process. To compare the differences in vegetation 
architecture, categories of were developed (Table 2.2 and Figure 2.4) based on the FHD 
concept (MacArthur et al., 1962), according to the evenness of the vegetation strata in the 
vertical plane, i.e. whether there was a gap in the horizontal vegetation layers or not, and 
the relative height of the gap. These categories were an artificial construct, but were 
required as time did not permit a more rigorous measurement due to the large number of 
sample units (n = 929). The categories were common across all macrohabitats. A value of 1 
was assigned if the category was represented at a sample unit and 0 if it was absent.  
Spool and line tracking (Miles, 1976) was used to obtain a fine grained assessment of bush 
rats’ use of microhabitat during periods of free movement and to determine whether 
species respond to vegetation structure and architecture or floristic composition. This 
method tracks the animals’ pathway by use of a fine thread that unravels from the inside of 
a nylon bobbin attached to the animal’s back. The thread is fine and light so tends to catch 
on any rough surface or protuberance in the environment such at vegetation, leaf litter, or 
rocks. This secures the line so that changes of direction are preserved. This is a commonly 
used method for mapping habitat use at a fine spatial scale (Leiner et al., 2010, Cox et al., 
2000, Bennett, 1993, Boonstra and Craine, 1986), and so was an appropriate choice to 
sample Bush Rats’ use of microhabitat components for the purposes of this study. 
The bobbins used for spooling were 32mm x 10mm and comprised approximately 160 
metres of thread.  They were wrapped in a thin layer of masking tape so that the glue used 
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for application was not directly applied to the thread itself. This was to increase the 
potential length of the spool and minimise injury to or entanglement of the animal when the 
spool detached. This also allowed the unit to be tapered towards the anterior of the animal 
to create a smooth gradient over the edge of the spool, to reduce the chance of it catching 
on vegetation (Figure 2.5). All units were less than 3g, and less than 5% of the animal’s body 
weight.  
Following the third night of trapping, two individuals >85g were randomly chosen for spool 
tracking at each site. The cocoon bobbin package was glued (using super glue, 
cyanoacrylate) to fur on the animal’s rump, in line with the tail, where it was least likely to 
impede their movement through the dense lateral stem structure of lantana bushes.  Long 
outer guard hairs on the rump were trimmed so that the spool attached more securely.  
Once the spool unit was fitted, the loose end of the line was secured to a solid structure 
such as a tree trunk and the animal was released at the point of capture. In order to 
minimise flight response (e.g. see Cox, Dickman et al (2000); Tulloch and Dickman (2006)), 
rats were left in the calico bag with the head covered, but the rump and spool unit 
uncovered to prevent entanglement. The bag was placed under a bush, dense foliage or 
hollow log to reduce real and perceived predation risk, the latter of which could exacerbate 
flight response. The researcher then left the patch. Where possible the bag was observed 
from a distant vantage point, and in all cases the rodent was seen to leave the bag slowly, 
often looking around before moving off relatively slowly and deliberately. Bags were 
checked after 1 hour to confirm exit was successful.  The following day the thread was 
followed, and microhabitat variables as described above were measured and recorded at 
every 5m, for a 1m radius from the spool line, until the line was lost or ended. Where 
burrows or refuges occurred along the line, microhabitat variables were also scored, in the 
same manner. Refuges were defined as any point where the spool package was found 
discarded. It was assumed that the package was removed by the carrier and thus the 
microhabitat at that point was perceived as suitable as a refuge to spend time and energy 
on removal. The spool line attached to the rat was termed the ‘animal’ line.  A control spool 
line was generated for comparison by taking a random compass bearing from the start of 
the treatment line; this was called the ‘random’ line. Using a compass, a tape measure was 
laid in a straight line in the designated direction and variables were measured or scored 
CHAPTER 2 Habitat use by the bush rat Rattus fuscipes at the weedy urban edge: a study at two 
scales 
 
27 
 
using the same method as described for the animal line. Measurements or scores from the 
random line were defined as representing available habitat, as they sampled a random 
snapshot of the microhabitat variables at that site. At edge sites no rats entered the urban 
matrix, thus this was taken to represent non viable habitat, and so if the random line met 
the edge it was angled back into the ecotone following the next random bearing on the list. 
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Figure 2.1 Site locations on the NSW Central Coast. Red = edge, orange = core weedy, 
green = control macrohabitats. Sites were grouped into replicates as indicated by the 
lettering.  
 
Figure 2.2: cover board. Photo by W. Gleen
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Microhabitat 
variable 
Unit of 
measurement 
Definition Method of measurement 
Leaf Litter Depth centimeters Distance between the ground and the top 
of the leaf litter layer. 
Ruler used at 4 points within the sample unit, and the average value recorded. 
Leaf Litter Cover % The % of the ground covered by leaf litter Estimate by eye 
Ground stems Count 
converted to 
Score.  
Stick or stems < 15cm diameter, < 60cm 
from the ground.  
 
Count. Scored as: 
1: <10,  
2: 11-40,  
3: >40 
Logs/boulders/ 
solid objects – 
small 
Count 15-30cm diameter, counted if any part of 
the object was within the radius. 
Count. 
Logs/boulders/ 
solid objects - 
big 
Count >30cm diameter, counted if any part of 
the object was within the radius. 
Count. 
Trees small Count Trunk 15-30cm diameter, counted if any 
part of the object was within the radius. 
Count. 
 
 
 
Trees big 
Count Trunk>30cm diameter, counted if any part 
of the object was within the radius. 
Count. 
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Understorey 
Density 
%  Cover-board method: % of cover-board 
obscured by vegetation. 
Method adapted from Cox (2000): A wooden board 50cm x 50cm, marked with a 
10cm grid was placed vertically on the ground at the trap or spool line point. 
Existing vegetation was used to support the board, or it was held by an assistant. It 
was viewed from a point on the circumference of the sample unit, at kneeling 
height (80cm). The number of squares covered by vegetation was used to estimate 
the % of the cover-board that was obscured.  Measurements were taken from 4 
points on the circumference and the average value was recorded as the measure of 
density. 
Score 0-3 Pictorial reference method: categorisation 
based on pictorial reference adapted from 
Walker (1983)  
3 categories were defined and a pictorial reference created, adapted from Walker 
and Hopkins (1983). See Figure 2.3.  The vegetation was scored by comparison with 
the reference, from eye level (1.65m height), from 4 points on the circumference, 
and from directly above. This was done in the context of how well a bush rat would 
be obscured from view, following Glen, Sutherland et al (2010). The average value 
was taken and rounded to fit the closest category 
0=no undergrowth or cover 
1= low density (rat easily visible) 
2= medium density (rat visible with difficulty) 
3= complete density (rat completely obscured). 
Understorey 
height 
Centimeters Distance between the ground and the top 
of the understorey, defined as the shrub, 
grass or ‘fallen tree’ (see Table 2) layer. 
A tape measure was used and where different vegetation types were different 
heights, the average measurement was taken. 
Lantana Cover % %  The proportion (%) of the vegetation 
within the radius that was Lantana. 
Estimate, by eye. 
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Lantana Density,  Score 0-3 Pictorial reference method. As above under ‘understorey density’, pictorial reference method. 
Other weeds % % The proportion (%) of the vegetation 
within the radius that was comprised of 
weeds other than Lantana. 
Estimate, by eye. 
Other weeds 
Density 
Score 0-3 As above under ‘understorey density’, 
pictorial reference method. 
As above under ‘understorey density’, pictorial reference method. 
Canopy Density % Extent of shade and cover provided by the 
canopy layer. 
Estimate was made using pictorial reference developed by Walker (1983) 
Penetration of 
weed thicket 
Metres (+ve 
value if within 
the thicket, -
ve value if 
outside it.) 
 A >2m
2
 extent of Lantana of medium or 
dense growth. 
Cloth tape measure, or estimate, if the area was impassable 
Shortest 
distance to 
urban edge 
Metres (+ve 
value if on 
bushland 
side,  -ve 
value if on 
suburban 
side.) 
Urban edge = Where there is a visible 
demarcation between bushland and 
urban environments; the point at which 
anthropogenic development or clearing 
covers ≥ 80% of the ground. 
Cloth tape measure, or estimate if impassable. 
 
Table 2.1 Microhabitat variables. Variables were measured within a 1 metre radius surrounding the trap or point on the spool line. 
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Category 3 Dense
Category 2 Medium
Category 1 Light
Category 0 No vegetation
 
Figure 2.3 Vegetation density categories, pictorial reference. Photos by W. Gleen 
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Figure 2.4 Vegetation architecture categories. Photos by W. Gleen.  
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Architecture 
name 
Architecture definition 
cavity: tall  Undergrowth forming a tent-like structure above the ground with 
the foliage or stem layer beginning >30cm above ground. A cover 
board reading of less than 20% within the cavity. 
cavity: low A visually impenetrable raft of stems and/or leaf mulch and grasses 
5 - 30cm off the ground, (e.g. horizontal stem layer, matted bark 
litter on top of stem or other structure), with a cavity underneath 
to ground level. Cover-board reading less than 20% within the 
cavity. Note often it was not possible to place the cover-board 
without destroying the vegetation structure. Where this was 
undesirable the reading was estimated by eye. 
homogeneous Homogeneous undergrowth with no discrete cavity within the 
structure 
fallen tree Horizontal sticks or stems, as in a fallen shrub/tree > 60cm above 
the ground. No cavity. 
Table 2.2 Vegetation architecture categories 
 
Figure 2.2 Spool line fitted to bush rat. Photo by W. Gleen. 
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DATA ANALYSIS 
Data from one core weedy site were excluded from all population level analyses as 
data were confounded by the abundance of a native competitor, the swamp rat Rattus 
lutreolus, which are known to socially dominate bush rats thus may have biased 
results.  For all parametric analyses in this section unless otherwise specified data met 
required assumptions; upon visual inspection of the data, no large departure from 
normality was found, and variance was sufficiently homogeneous (Quinn and Keough, 
2002). 
Minimum number known alive and demography 
The minimum number known alive (MNKA: Krebs, 1999)was used as an index of 
abundance and was calculated for each replicate (site) by adding the number of 
captures on the first night of trapping to the numbers of new animals (identified by 
lack of markings) captured on the subsequent two nights.  Differences in the MNKA 
and composition of age structure between macrohabitats were investigated using a 
two way split plot ANOVA with number of rats as the dependent variable, 
macrohabitat, age class and site as factors with site a nested (within macrohabitat) 
random factor. A post hoc Tukey-Kramer HSD was used to identify which terms were 
significantly different to each other.   
Differences in numbers of males and females in each macrohabitat were investigated  
by a two way split plot ANOVA in JMP version 9 (SAS Institute, 1989-2010), with 
number of rats as the dependent variable,  gender, macrohabitat and site as factors 
with site a nested (within macrohabitat) random factor and gender crossed with 
macrohabitat.  The frequency of each reproductive score (1-3) was counted for males 
and females at each site then data pooled across macrohabitat. Male and female data 
were analysed separately. This generated a 2 by 3 contingency table for females, and a 
2 by 2 contingency table for males (male data was binomial as there were no adults 
with a score of 1). Both sets of data resulted in over 20% of cells having an expected 
count of <5, so an exact contingency table analysis was undertaken (Kirkman, 1996). 
Body weight was analysed for males and females separately using a nested ANOVA 
with site as a random factor nested within macrohabitat. Where results were 
statistically non significant, power analyses were run using Russ Lenth’s Java applets 
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for Power and Sample size (Lenth, 2006-9) to confirm that the experiments had the 
power to detect biologically meaningful differences. The detectable contrast was 
expressed as a percentage difference of the core mean. It was not possible to analyse 
the results for reproductive status in this way due to the nature of the statistical test 
used (an exact test). 
Correlation of vegetation density measurement methods 
Data sets were tested for correlation using the Spearman  correlation in JMP version 9 
(SAS Institute, 1989-2010) to determine whether the novel pictorial reference  method 
of measuring vegetation density was comparable with the more objective and 
traditional cover-board method, so that results from the former method could be used 
with confidence.  
Does extent of Lantana predict Bush Rat abundance? 
To examine the relationship between lantana extent and bush rat abundance indices, 
the mean score for lantana density and % cover (representing two different measures 
of Lantana extent) were calculated for each edge site from random lines. These were 
compared with the score for MNKA at each respective site using a scatter plot of 
Bivariate fit and tested using Pearson correlation in JMP version 9 (SAS Institute, 1989-
2010). The same analyses were repeated for core weedy sites. 
Effect of microhabitat variables on trap success  
The relationships between trap success and microhabitat variables were examined by 
stepwise regression in JMP version 9 (SAS Institute, 1989-2010). Trap success was 
defined as the number of bush rat captures in a trap over the three trap nights. Data 
were adjusted to account for unavailable traps due to occupation by other species, 
trap closure or bait burglary following Simonetti (1989) as follows 
Trap Success = A / 100(TU-NA)     Equation 1 
where A = number of rat captures, TU = number of trapping units, NA = unavailable 
traps.  
Only data from core weedy and edge sites was used, as core sites lacked lantana. 
Correlations between variables were also inspected using scatter-plots. The model 
with the smallest AIC value was chosen. As the vegetation category data was nominal 
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whereas other microhabitat variables consisted of continuous data, it was analyzed 
separately using the same method. The bivariate association between trap success and 
distance to the edge of the suburb edge was also tested separately with the Pearson 
Correlation, as this value was only applicable to edge sites. As the result was not 
statistically significant, a power analysis using Russ Lenth’s Java applets for Power and 
Sample size (Lenth, 2006-9) was run to confirm that the experiment had sufficient 
power to detect a biologically meaningful difference. The result was expressed as a 
percent difference to the core mean. It was not possible to run a power analysis for 
the data analysed using stepwise regression as there is no appropriate test for this 
statistic type. 
Habitat use along path in weedy habitats 
To determine which microhabitat variables were preferentially used at weedy patches 
by bush rats in comparison with availability during periods of free movement, random 
and animal data from edge and core weedy sites was compared using mean values of 
each microhabitat feature for each spool line.  Data were treated as unpaired given 
that the random spool was designed to be an independent measure of the site due to 
its random setting. Sample sizes of less than 4 (due to lines breaking or being lost in 
burrows) were excluded to improve the precision of means following visual 
examination of means of each microhabitat variable (where data was continuous) 
plotted against the coefficient of variation (Figure 2.7). Variation visibly declined where 
sample size was greater than 4. 
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Figure 2.7. The effect of sample size on the coefficient of variation. The demarcation 
of variance where n ≤ 4 is highlighted with a box. 
 
Similarities between the suites of microhabitat variables in each macrohabitat were 
examined using PRIMER 6 (Clarke and Gorley, 2006) using spool lines as replicates. The 
variable ‘distance to weed thicket’ was transformed to positive by +1 prior to pre 
treatment in PRIMER so that the values could be analysed using the same resemblance 
coefficient (Bray-Curtis).   
A multidimensional scaling (MDS) plot was used to represent the similarity between 
mean microhabitat variables within each macrohabitat based on a Bray-Curtis 
similarity matrix of microhabitat data that was standardised (due to the different 
measures that were used e.g. % cover and counts) and square root transformed (to 
more evenly weight contributions from dominant and rarer variables (Clarke and 
Gorley, 2006)). Fifty restarts were used. Differences were tested with a three -way 
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PERMANOVA with 9999 permutations using a two-way nested design with factors path 
(random) nested in macrohabitat (fixed). Site was not included in the model as there 
was no significant site effect (p > 0.1). SIMPER was used to identify which variables 
best explained the differences between macrohabitat.  Difference in ‘distance to 
suburb edge’ between random and animal data was examined separately by an 
independent t-test as this variable was not applicable to core weedy sites. This data 
was log transformed prior to analysis to conform to required assumptions of normality 
and homogeneity of variance. 
Anthropogenic disturbance 
Anthropogenic disturbance may affect vegetation structure (Oosterhoorn and 
Kappelle, 2000), and it is possible that this has occurred at edge and core weedy sites. 
This could confound results, for example it may render bush rats more likely to use 
alternative vegetation such as lantana.  Considering only non- weedy portions of 
random spool lines, data points were compared across macrohabitat type to 
determine whether native vegetation differed.  Means were not used as data points 
from random spool lines were considered to be independent. Where there was no 
understorey (a score of zero), the sample unit was assigned to the vegetation type that 
preceded and followed it on the line and it was considered to be patchiness within that 
vegetation type. If a different vegetation type preceded and followed, the value was 
excluded. Results were then compared using multivariate techniques. A Bray-Curtis 
similarity matrix was generated from standardised data which was also square root 
transformed. Differences were tested with a two -way PERMANOVA with 9999 
permutations using a one-way design. Factors were site (random) nested in 
macrohabitat (fixed).  
Habitat use along path within lantana 
To see if the rats preferred certain features within lantana, which may indicate which 
aspects of the plant are important to them, animal and random paths within weedy 
portions of the line only were compared. Data was selected where lantana cover 
exceeded or equaled 50% (use of a 100% criteria resulted in a small sample size). 
Measures of lantana extent (density, % cover and distance to the edge of the weed 
thicket) were excluded, as they were not relevant to this question.  Data was filtered 
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as random path only weed species 100% (lantana) and zero for native vegetation. 
PERMANOVA, SIMPER and representation by MDS plot were undertaken using the 
same procedures used in ‘Habitat use along path in weedy habitats’; again there were 
no site effects (p > 0.1) so site was not included in the model. 
Differences in microhabitat characteristics between Lantana and native vegetation 
To see how lantana alters the natural environment at a fine scale, similarities between 
the suites of microhabitat variables of lantana and native vegetation were examined 
using PRIMER 6 (Clarke and Gorley, 2006) using data from edge and core weedy sites 
only.  Only variables representing physical properties of the vegetation were included 
(i.e. ‘canopy cover’ and distance measures were excluded). Means were not used as 
data points from random spool lines were considered to be independent.  Data was 
filtered as random path only weed species 100% (Lantana) and zero (native 
vegetation). PERMANOVA, SIMPER and representation by MDS plot were undertaken 
using the same procedures used in ‘Habitat use along path in weedy habitats’; again 
there were no site effects (p > 0.1) so site was not included in the model. Factor was 
vegetation type (fixed). 
Habitat use along path in non-weedy habitats 
To see which microhabitat variables were used by the bush rats significantly more than 
expected in comparison with availability at core patches, random and animal data 
from core sites were compared. PERMANOVA and representation by MDS plot were 
undertaken using the same procedures used in ‘Habitat use along path in weedy 
habitats’, except in this case factors were path (random) nested within site (random) 
(as PERMANOVA revealed a non significant result, SIMPER was not used). As the non 
significant result for path was unexpected, the difference between the random and 
treatment spool lines was then examined for each variable independently by 
univariate analysis to clarify whether there were any differences at all. Where data 
conformed to the assumptions required for a parametric analysis, a paired t- test was 
used in JMP  version 9 (SAS Institute, 1989-2010) to compare the means for Animal 
and Random spool lines. Where the data did not comply with the required 
assumptions, a (non-parametric) Wilcoxon test was undertaken using Wilcoxon-Mann-
Whitney Test (v1.0.4) in Free Statistics Software (v1.1.23-r7)(Holliday, 2012). 
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RESULTS 
Minimum number known alive and demography  
There were significant differences in the MNKA between macrohabitat types F (2, 28) = 
7.2, P = 0.007, n = 17, Figure 2.8. Tukeys HSD revealed that edge sites had fewer bush 
rats than core weedy and core sites. There were more adults than juveniles or sub 
adults captured (F (2, 28) = 24.02, P < 0.0001) but there was no interaction between 
macrohabitat and age class; F (4, 28 ) = 1.11, P = 0.37.  
 
 
Figure 2.8. Mean MNKA ± SE at each macrohabitat type. Differences in the means are 
denoted by letters a and b.  
 
There was no difference between gender F (1, 14) = 2.31, P = 0.15, or macrohabitat F (2, 
14) = 2.75, P = 0.1, nor any interaction between them; F (2, 14) = 1.31, P = 0.31 (n = 34). A 
power analysis showed that the experiment had the power to detect a 67.5% 
difference from the core mean (a biologically meaningful result). Similarly there was no 
difference in the mean score of reproductive status between macrohabitats for 
females; P = 0.455 n = 9, or males; P = 0.119 n = 4. There were also no differences in 
mean body weight between macrohabitat for either males; F (15, 46) = 0.23, P = 0.80 n = 
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16 or females; F (11, 32) = 1.9, P = 0.98, n = 12. A power analysis showed that the 
experiment had the power to detect a 9.8% and 10.3% difference from the core mean 
respectively (both biologically meaningful results). 
Correlation of vegetation density measurement methods 
The two methods of measuring vegetation density (cover-board and pictorial 
reference) were positively correlated; rs = 0.855, p < 0.0001, n = 928. The pictorial 
reference method was used for all further analyses.  
Does the extent of Lantana at the urban edge predict Bush Rat abundance? 
There was no significant correlation between lantana % cover and MNKA at edge sites; 
r = 0.55, P = 0.26 n = 6 but there was a significant positive correlation between mean 
Lantana density and MNKA at edge sites; r = 0.81, P = 0.049, n = 6 Figure 2.9. At core 
weedy sites there was no significant correlation between lantana % cover and MNKA; r 
= -0.42, P = 0.49, or lantana density and MNKA; r = -0.43, P = 0.47. 
 
 
 
Figure 2.9 Correlation between MNKA at sites and lantana density, at edge sites only. 
N = 6. 
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Effect of microhabitat variables on trap success  
The stepwise regression of microhabitat data and trap success (excluding vegetation 
categories) produced a final model that explained only 15% of the variance with three 
significant terms. Mean trap success was significantly affected by distance to weed 
thicket n = 165, F (1, 153) = 5.86, p = 0.02, lantana density; F (1, 153) = 7.44, p = 0.007, and 
lantana % cover; F (1, 153) =9.58, p = .002. Both measures of lantana density were 
negatively correlated with extent of ‘other weeds’ (mainly annuals), which was 
probably due to suppression of these species by lantana.  It is unlikely that this 
confounded the result. The Pearson correlation test revealed there was no significant 
correlation between distance to the suburb edge and trap success; n = 165, r = 0.20, p 
= 0.06. A power analysis showed that the experiment had the power to detect a 21% 
difference from the core mean (a biologically meaningful result). The stepwise 
regression of vegetation categories and trap success only explained only 2% of the 
variance. No significant terms were identified from the model. 
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Figure 2.10 Multidimensional scaling plot of Bray-Curtis similarity coefficients 
showing differences in path between animal and random spool lines, based on 
microhabitat variables, for edge and core weedy sites. Each point represents a spool 
line N= 40. 
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 Random Animal     
Variable Av.Abund Av.Abund Av.Diss Diss/SD Contrib. % Cum.% 
lantana density 1.98 3.16 2.50 1.57 10.04 10.04 
litter depth 4.48 4.11 1.92 1.36 7.71 17.75 
small  logs 1.10 1.05 1.80 1.13 7.22 24.98 
cavity: low 0.77 1.48 1.75 1.35 7.04 32.01 
lantana % cover 1.29 1.93 1.63 1.37 6.55 38.57 
small trees 0.97 0.48 1.47 1.08 5.92 44.48 
big logs 0.58 0.92 1.40 1.26 5.64 50.12 
canopy cover 2.03 1.37 1.34 1.21 5.39 55.51 
other weed 
density 
0.59 0.37 1.21 0.75 4.86 60.38 
cavity: tall 0.55 0.53 1.21 0.95 4.86 65.24 
fallen tree 0.69 0.47 1.18 1.08 4.75 69.99 
understorey 
density 
3.88 4.20 1.16 1.18 4.68 74.66 
no. ground stems 3.77 3.85 1.15 1.38 4.62 79.28 
homogeneous 2.56 2.20 1.03 1.49 4.14 83.43 
big trees 0.53 0.50 0.99 1.08 3.98 87.41 
litter % cover 3.03 2.44 0.99 1.40 3.96 91.37 
 
Table 2.3 Results of SIMPER analysis showing dissimilarity in microhabitat variables 
between random and animal lines at edge and core- weedy sites. 
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Habitat use along path in weedy habitats 
The MDS plot showed distinct separation in the microhabitat features of random and 
animal path albeit with a high stress value, 0.23 (Figure 2.10). PERMANOVA confirmed 
the difference was significant Pseudo- F (2, 36) = 2.34, p = .008 n = 40, and that there 
were no significant differences between macrohabitats; Pseudo F = 0.47, p = 0.67. The 
dissimilarity of microhabitat variables between random and animal paths was 
explained by SIMPER (Table 3). The independent t test showed that there was no 
significant difference between random and animal spool lines for ‘distance to suburb 
edge’; t = 0.49, p = 0.63, n = 20. 
Vegetation disturbance 
Microhabitat components of native vegetation did not differ between macrohabitat 
types edge, core weedy and core; Pseudo F (2, 218) = 0.91, p = 0.51 n = 239, although 
there were significant site differences (Pseudo-F (15, 218) = 7.2, p = 0.0001). This indicates 
that the native vegetation at edge and core weedy sites was not impacted with respect 
to microhabitat variables by anthropogenic disturbance, thus results were not 
confounded.  
Habitat use along path within lantana 
Within the lantana (i.e. by only considering the portion of the spool line characterized 
by Lantana), the MDS plot showed separation in the microhabitat features of random 
and animal path with a low stress value, though it was visible only in the 3D 
representation (Figure 2.11). The difference was confirmed with PERMANOVA; n = 31, 
Pseudo- F (2, 27) = 2.36, p = .023.  The dissimilarity between random and animal paths 
was explained by SIMPER (Table 4) 
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Figure 2.11  Multidimensional scaling plot of Bray-Curtis similarity coefficients 
showing differences in path between animal and random spool lines, based on 
microhabitat variables, within Lantana only n = 31. Each point represents a point 
along a random spool line (one sample unit). 
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 Random Animal     
 Av. 
Abund. 
Av.  
Abund. 
Av. Diss. Diss./SD Contrib. % Cum.% 
litter % cover 6.84 6.39 1.86 0.88 15.96 15.96 
Distance to edge of 
weed thicket 
7.04 7.28 1.47 0.99 12.64 28.60 
litter depth 0.87 1.12 0.96 1.30 8.24 36.84 
cavity: low 0.11 0.39 0.95 1.27 8.15 44.99 
ground stems 0.94 1.11 0.82 1.31 7.05 52.05 
cavity: tall 0.24 0.19 0.77 1.16 6.62 58.66 
lantana density 0.91 1.13 0.72 1.41 6.16 64.82 
big logs 0.11 0.21 0.70 1.06 6.01 70.83 
homogeneous 0.49 0.61 0.68 0.99 5.82 76.65 
small logs 0.03 0.22 0.59 0.80 5.04 81.70 
big trees 0.10 0.17 0.57 0.81 4.94 86.63 
fallen Tree 0.18 0.11 0.56 0.97 4.83 91.46 
 
 
Table 2.4 Results of SIMPER analysis showing dissimilarity in microhabitat variables 
between random and animal lines within lantana only. 
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Figure 2.12 Multidimensional scaling plot of Bray-Curtis similarity coefficients 
showing differences in microhabitat variables between lantana and native 
vegetation. Each point represents a point along a random spool line (one sample 
unit). 
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 Native Lantana     
 Av. 
Abund. 
Av. 
Abund. 
Av. 
Diss. 
Diss. /SD Contrib. % Cum. % 
litter cover 7.75 8.86 6.23 0.79 30.47 30.47 
understorey 
density 
1.03 1.37 3.67 0.82 17.95 48.42 
no. ground stems 0.85 1.12 2.80 1.07 13.70 62.12 
homogeneous 0.52 0.81 2.02 1.13 9.88 72 
litter depth 1.17 1.06 1.43 1.07 7.06 73.97 
cavity: low 1.10 0.29 1.21 0.74 6.00 79.98 
cavity: tall 0.18 0.15 1.17 0.35 5.78 85.75 
fallen tree 0.09 0.14 0.78 0.43 3.86 89.61 
small logs 0.18 0.02 0.71 0.47 3.50 93.11 
 
Table 2.5 Results of SIMPER analysis showing dissimilarity in microhabitat variables 
between lantana and native vegetation lines at edge and core- weedy sites. 
 
Differences in microhabitat characteristics between lantana and native vegetation 
The MDS plot showed distinct separation in the microhabitat features of lantana and 
native vegetation (Figure 2.12). PERMANOVA confirmed the difference was significant 
Pseudo- F (1, 152) = 10.25, p = 0.001 n = 153. The dissimilarity of microhabitat variables 
between random and animal paths was explained by SIMPER (Table 3). 
Habitat use along path in non-weedy habitats 
Within core sites, there was no difference in microhabitat features between the animal 
and random paths; n = 16, Pseudo-F (5, 6) = 1.12 p = 0.39 although there were significant 
site differences; Pseudo-F (6, 64) = 4.39, p = 0.0003. Despite this, univariate analyses 
showed that the animal path was characterised by denser vegetation than the random; 
n = 16 t = 2.19, p = 0.04 although univariate analyses did not reveal any other 
significant differences between animal and random spool lines.  
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Burrows and Refuges 
Three burrows were discovered in the weedy habitats. In all cases the spool line 
disappeared into the burrow and was not able to be followed further. All three 
burrows were under Lantana, two were at the base of large (>30cm diameter) logs or 
trees. Two out of four refuges were under the cavity: low layer (Figure 2.13). No 
analyses were undertaken due to small sample size.  
 
Figure 2.13 Refuge under cavity: low layer (in native vegetation), spool unit 
discarded shredded underneath. Photo by W. Gleen 
  
CHAPTER 2 Habitat use by the bush rat Rattus fuscipes at the weedy urban edge: a study at 
two scales 
 
52 
 
DISCUSSION   
As predicted, these results indicate that the response by bush rats to the urban edge 
fits the ecotone model, and that populations follow an ideal free distribution over 
habitats of different quality, with urban edges being poorer quality than core habitats. 
Bush rat abundance indices were lower at edge sites, and an ideal free distribution 
pattern is indicated because no significant differences were found in the demography 
(adult gender composition, adult reproductive status, adult body weight and age class) 
of rats caught in the different macrohabitat types. The lower abundance indices at 
edge sites are likely to be a true indication of habitat quality, and not a consequence of 
despotism. 
Empirical testing of distribution patterns has mainly focused on vole populations in 
Europe or America, and both ideal free (Morris and MacEachern, 2010, Pusenius and 
Schmidt, 2002, Lin and Batzli, 2001, Morris, 1997) and ideal despotic patterns have 
been reported (Messier et al., 1990, Morris, 1989, Pusenius and Schmidt, 2002, Lin and 
Batzli, 2001), along with variation between or within species (Pusenius and Schmidt, 
2002, Lin and Batzli, 2001) and according to patch dynamics such as the position of the 
patch in the landscape (Morris, 1997). Whilst female territoriality is common in rodent 
populations (Wolff, 2003) and was expected in this study, very little information is 
available on distribution patterns of Australian rodents, especially at a landscape scale, 
although it can be inferred from a recent study on bush rat populations in a logged 
forest landscape (Lunney et al., 2009) that distribution followed an ideal free 
distribution, which supports the conclusions made here.  It was also noted that there 
were differences in the proportion of juveniles across macrohabitat type; 19.6% at 
core sites, 6.3% at core weedy, and 0% at edge sites, indicating that perhaps core sites 
supported greater reproductive potential. Despite the trend these differences were 
not significant, probably due to small sample size in age classes, but are consistent 
with the idea that edge sites are poorer quality habitat.  
However, it is possible that the apparent difference between edge and core sites was 
driven by sampling bias. Trap transects or grids draw animals from the effective 
trapping area (Aplin et al., 2003), which needs to be the same in the patches being 
compared.  If a portion of one effective trapping area overlaps an ecosystem that is 
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not viable habitat for the target species then a disproportionate measurement of 
abundance may be taken there, since the area sampled will be less (Figure 2.6). This is 
another reason it is important to define the species response to each of the 
ecosystems that contribute to the ecotone, as well as the response to the ecotone 
itself (Brady et al., 2011).  
 
  
 
 
 
 
Figure 2.6 Representation of how sampling is biased where part of the draw area of 
the transect is non-viable habitat for the target species such as the urban matrix.  A. 
represents an edge site where the effective trap area is less than B. due to the area 
of non viable habitat. 
To address this, a polygon was drawn surrounding each transect to a distance of 100m 
(±1m) from any point for females and 200m (±1m) for males using Google earth 
(imagery dated within 12 months of the survey dates). The area of the polygon was 
calculated (in m2 ) using an online tool ‘Zonum Solutions KLM area and Length’ (2006 - 
2012). This area was called the ‘effective trapping area’ and was based on the 
assumption that Bush Rat home range length is approximately 100m for females and 
200m for males (Maitz and Dickman, 2001, Watts and Aslin, 1981, Wood, 1971). This 
approach accounts for animals whose home range perimeter may overlap the transect 
(Warneke, 1971). Another polygon was then overlaid on any urban development 
B. 
 
  Light fill: the effective trap area of the transect  
  Darker fill: non-viable habitat  
Transect __ 
 
A. 
140mm 140m
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within the effective trapping area and the same calculation was used. This area was 
called the ‘non-viable area’ and was subtracted from the effective trapping area to give 
the adjusted, effective trapping area. Using this value the MNKA for each transect was 
expressed as rats per 10 ha, and was called the adjusted MNKA.  It is recognised that 
rodent behaviour is notoriously plastic (Lacey and Sherman, 2007), and that home 
ranges and probabilities of individual encountering the transect are probably varied, so 
this method should be interpreted with caution. The result was analysed by a one way 
ANOVA in JMP version 9 (SAS Institute, 1989-2010), with adjusted MNKA as the 
dependent variable and macrohabitat the predictor variable. 
When the data was adjusted to account for sampling area (by expressing trap success 
as rats per 10 ha of viable habitat) statistical difference between macrohabitats 
disappeared as the numbers of captures dropped, F (2, 14) =1.41, p =0.28 n = 17, 
although the pattern of fewer animals being captured at edges remained. It seems 
unlikely that the patterns are solely driven by sampling bias and the underlying 
method of the data adjustment relied heavily on a number of important assumptions 
including home range estimates from other populations, times and locations (Peakall 
et al., 2006, Lunney, 1983, Wheeler, 1970). These assumptions may have been too 
rigorously applied and it is recommended that the data adjustment method is tested 
against known data or any future studies on fauna responses to the urban edge control 
for this phenomenon a priori.   
Spooling indicated that at the fine scale bush rats do not enter the urban matrix, which 
supports other evidence that this species is urban sensitive (Brady et al., 2011, Garden 
et al., 2010, Barnett et al., 1978, Australian Museum, 2009-2012). It is possible that 
separation between the urban and bush environments was due to the boundary being 
used as a demarcation of home ranges. However, small mammals regularly cross other 
habitat and territorial boundaries in heterogeneous environments (Batzli et al., 1999), 
and  examples of bush rats crossing between different natural ecosystem types exist 
(Bentley, 2008, Maitz and Dickman, 2001).  Therefore it is likely that the response can 
be attributed to an avoidance of the urban matrix, which indicates that the species is 
urban sensitive. However, further investigation at a larger scale is needed to confirm 
this conclusion. 
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If it is accepted that there was an ecotone response by bush rat populations, lantana 
can be eliminated as a negative edge effect because the bush rat index of abundance 
was the same for core and core weedy sites. No difference was detected in native 
vegetation between the three macrohabitat types, so the bush rats’ preference for 
lantana cannot be attributed to the fact that the native vegetation at weedy or edge 
sites was suboptimal.  Instead the index of abundance at urban edges was positively 
correlated with lantana density.  While cause and effect should not be assumed from a 
correlation, I suggest that dense lantana increases the habitat quality of urban edges 
for the target species, and is consequently an emergent property of the urban edge for 
bush rats (Figure 2.14).  The most likely alternate explanation is that a higher soil 
moisture content at some sites caused covariance of both measures, as soil moisture is 
known to advantage both lantana (Thorp and Wilson, 1998 onwards) and bush rats 
(Braithwaite et al., 1978, Warneke, 1971). This is improbable as the aspect of all edges, 
which determines the drying effect of sun and wind, was similar and there was no 
similar pattern at core weedy sites.   
 
 
Figure 2.14 schematic representation of ecotonal response of the bush rat at the 
urban edge ameliorated by lantana, based on Lidicker (1999)  a: response when 
lantana is of high density b: response when lantana is of low density 
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This provides a clue for the identification of the main mechanism/s driving the bush 
rats’ edge response. Whatever they are responding to it is at least partially 
ameliorated by lantana density.  Dense vegetation is known to have a ‘sealing’ effect 
on edges, and a similar positive response by bush rats to sealed edges has been 
reported in native Wet Tropics habitats (Goosem, 2000). Dense vegetation at edges 
may reduce to some extent the strong primary microclimatic impacts (Laurance et al., 
2007, Harper et al., 2005, Matlack, 1993).  It may also reduce predation risk that is 
sometimes reported as an edge effect (Poulin and Villard, 2011, Storch et al., 2005, 
Wilcove, 1985), and anthropogenic disturbance, which bush rats may not tolerate. 
Although lantana is recognised as a buffer of forest edges  and thought to be useful for 
small mammals (Thorp and Wilson, 1998 onwards), this is the first empirical evidence 
to support these views.  
However, it is important to consider limitations of scale (Peles et al., 1999) as the 
weedy patches sampled were smaller than the likely home range size for the species 
and in all cases native elements also existed within the catchment area of the transect. 
Consequently these results should be interpreted in the context of the surrounding 
landscape. Small mammals in heterogeneous environments generally depend on 
movement across patch boundaries to obtain resources (Batzli et al., 1999), and 
persistence depends on landscape as well as patch variables (Law and Dickman, 1998, 
Santos-Filho et al., 2012). This study has revealed that lantana is a useful resource for 
bush rats, however, it is likely that lantana is useful by adding to the heterogeneity of 
the landscape, rather than by existing as a complete resource in itself. Weeds, by 
definition, progress to a monoculture thus homogenizing the landscape whereas small 
mammals generally benefit from a patchy heterogeneous landscape (Law and 
Dickman, 1998, Foster and Gaines, 1991), and it is unlikely that lantana would provide 
sufficient resources for the bush rat at a landscape scale given the complex and 
changing requirements of vertebrate species within a home range (Law and Dickman, 
1998, Bennett, 1993, Burgman and Lindenmayer, 1998, Holland and Bennett, 2007, 
Stevens and Tello, 2011).    
The lack of significant predictors of bush rat habitat use at core sites other than 
vegetation density was unexpected, since many other studies have identified 
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important microhabitat predictors for this species in native habitat (Strauß et al., 2008, 
Barnett et al., 1978, Holland and Bennett, 2007, Warneke, 1971). The most likely 
explanation was to do with site effect. As weedy sites fitting the required criteria such 
as distance to edge and independence were rare, they were selected from a variety of 
surrounding forest types, as discussed in the introduction. Control sites were then 
selected to match this disparity, thus there was a large degree of between site 
variation, as revealed by the strong site effect in the PERMANOVA result. 
Consequently, unified trends would have been harder to detect.   
Use of habitat features in weedy and native vegetation  
The ‘pictorial reference’ method of measuring vegetation density that I developed had 
the advantages of being quick to implement and incorporating an aerial perspective, it 
was felt to represent a more realistic ‘predator eye view’. It was shown to correlate 
well with the more objective traditional cover-board method, which supports the 
findings of Glen, Sutherland et al. (2010) who used a similar method and also found a 
correlation with the cover-board method. 
The macrohabitat results were supported at a fine scale; bush rat trap success was 
greater within lantana thickets and where lantana had a higher coverage and density 
score, indicating that the weed is advantageous. Lantana density also explained the 
most difference between random and animal spool lines. Other habitat variables that 
featured along the animal path more than expected given their availability included 
lantana cover, big logs and the cavity: low and homogeneous architectures. The result 
for big logs supports other research showing that such structures are preferentially 
used by Rattus species for shelter and ease of movement (Cox et al., 2000, Strauß et 
al., 2008). As predicated, vegetation architecture was also an important fine scale 
habitat feature. The cavity: low layer would probably provide a combination of visual 
and structural protection from avian and mammalian predators whilst preserving a 
clear path for prey movement. This is likely to reduce both perceived predation risk 
and the energetic costs of locomotion. Runways in the vegetation have been shown to 
be important for bush rat movement (Woodside, 1983), and a similar but artificial 
structure has been shown to reduce perceived predation risk in Australian small 
mammals (Stokes et al., 2004). There may also be parallels between the cavity: low 
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layer and the subnivean layer which bush rats use above the snow line (Sanecki et al., 
2006a) as do small mammals in the northern hemisphere as it obstructs most 
predators (Korslund and Steen, 2006, Pruitt, 1984 IN ) and moderates microclimate 
due to the insulation of snow (Happold, 1998). The use of cavities within native 
vegetation (Hibbertia riparia and Lepidosperma semiteres) by bush rats has been 
reported and was attributed to the value as a refuge (Frazer and Petit, 2007), but has 
not been empirically tested. The’ homogeneous’ category of architecture was also 
preferred by the bush rats within the lantana; this arrangement probably reduced 
perceived and real predation risk as it provided relatively even vertical and horizontal 
cover. Even cover equates to a high FHD measurement  (MacArthur et al., 1962), which 
is thought to affect perceived predation risk of small prey (Els and Kerley, 1996, 
Barkman, 1988). The cavity: tall structure by contrast represents  uneven cover, 
equivalent to a low FHD measurement, and although it only explained 4.86 and 6.62% 
respectively of the difference between animal and random path, the rats used the 
cavity: tall  structure less than it was available both at a site scale and when within 
lantana only. FHD can affect microclimate (Barkman, 1979) and this structure would 
presumably facilitate air convection and an unstable microclimate whereas the cavity: 
low layer would be more likely to have a stabilizing effect. However, perceived 
predation risk is known to impose a greater cost on prey populations than the 
metabolic energy required for foraging (Brown and Kotler, 2007), so it is likely to be 
the main function. 
Variables that featured along animal path less than expected due to their availability 
included leaf litter, small logs and trees. This was unexpected since such features 
comprise elements of structural complexity which is known to be a predictor of bush 
rat habitat use (Maitz and Dickman, 2001, Holland and Bennett, 2007, Spencer et al., 
2005) Rodents may prefer deep leaf litter (Cox et al., 2000) as it harbors food 
resources such as invertebrates (Dugdale, 1996, Bultman and Uetz, 1982) and fungi 
(Fuhrer, 2005). The anomalous result may be explained by the fact that the leaf litter 
was observed during field work to be occasionally held above ground by the 
characteristic horizontal stem structure of lantana, especially where it formed the 
cavity: low layer, and it is likely that there are fewer trees, and thus fewer small logs in 
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lantana thickets, due to either suppression by the weed or the prior anthropogenic 
clearing that allowed lantana to establish in the first place, whereas big logs persist for 
longer. Examination of characteristics of animal path within lantana only was 
illuminating; the rats were in fact selecting deeper patches of leaf litter and areas with 
small logs when within lantana. Data analysis supported this; leaf litter was shallower 
and there were fewer small logs within lantana than native vegetation (Table 5).  Thus 
the bush rats’ principal preference for lantana overrode the selection of habitat 
features such as deep leaf litter and small logs, which are traditionally described as 
being elements of structural complexity. Mammal habitat selection is scale dependent 
(Leiner et al., 2010, Haythornthwaite and Dickman, 2006, Holland et al., 2004, Garden 
et al., 2010), this shows that examination of very fine scale habitat associations i.e. 
subsets of microhabitat type can be informative.   
The use of deep leaf litter under lantana is likely to indicate foraging behaviour. Scats 
were opportunistically collected from an edge site during this study.  More than 20 
separate collections of scats were washed through a sieve, 95 um grid, to recover 
coarse dietary components in a supplementary study (P.A. McGee, unpublished data). 
He found the spores of arbuscular mycorrhizal (AM) fungi were unusually infrequent, 
possibly as a consequence of site disturbance. Fungi are a critical winter food source 
for bush rats (Tory et al., 1997, Watts and Braithwaite, 1978). If disturbance limits the 
diversity and abundance of AM fungi, their absence may contribute to the poor quality 
of habitat for bush rats at edge sites. Plant material but not insects were well 
represented in the scats. The low energy content of plant material compared to 
insects (Breed and Ford, 2007) and lack of fungi in winter may provide an explanation 
for the poor quality of edge habitat for bush rats. Although these informal findings 
indicate that food may be a limiting resource at edge sites it is unlikely that this 
explains bush rat use of lantana as habitat features relating to safety (i.e. cover and 
density) were more important than those relating to foraging (i.e. leaf litter) for bush 
rats. Lantana was deemed a priory more likely to reduce than increase food resources 
(Chapter 2 Introduction). 
Vegetation density was universally important for path whether the bush rats were 
within lantana or native vegetation, and the fact that lantana tended to be denser than 
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native vegetation (Table 5) is likely to be a reason that it is preferred.  This result (that 
the weed was denser than native vegetation) supports Bennett (1993) who found a 
negative correlation between floristic richness and vegetation density.  
As predicted, vegetation architecture also influenced the bush rats’ path, in particular 
a greater abundance of the cavity: low structure which was important both at site level 
and within lantana. This cavity develops due to the tendency of lantana to take root 
from horizontal stems, forming layers (Muyt, 2001). It also occurred in native 
vegetation, for example where a raft of stems and leaf litter accumulated above a 
sparse low shrub layer. An abundance of ground stems was also important, although 
this was probably due to a positive correlation with the cavity: low layer which was 
usually composed of horizontal stems; though they were suspended above ground 
they often fell within the height restriction specified for the count of ground stems.  
Lantana had different microhabitat characteristics to native vegetation, in addition to 
being denser and creating a shallower but more consistent coverage of leaf litter it had 
a greater tendency towards an even growth pattern (‘homogeneous’ architecture), 
apart from a low cavity whereas native vegetation was more inclined to have taller 
gaps in the horizontal layers. There were more ‘fallen tree’ architectures in lantana, 
possibly from areas where it was encroaching on the surrounding vegetation and 
causing tree mortality (Laurance et al., 2007).  In summary, results indicate that 
lantana is a predictor of bush rat habitat use, due to a combination of the cavity: low 
architecture and density. Lantana mitigated urban edge effects on bush rats and I next 
examine the hypothesis that the causative mechanism for this is perceived predation 
risk.  
Future Directions 
Understanding the dynamics of these populations is somewhat constrained due to the 
short term nature of this study. Indices of survival and production over time would be 
more likely to reveal mechanisms, such as source/sink dynamics (Mosser et al., 2009) 
across edge and core habitats. Investigation of the distribution patterns followed by 
this species would also inform future studies on bush rat ecology. Further evidence is 
required to confirm the effect suggested here that lantana or dense vegetation at the 
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urban edge advantages bush rat populations, and to determine whether it applies to 
other small mammal species. 
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CHAPTER 3 Lantana and bush rat perceived 
predation risk. 
 
ABSTRACT 
Weeds are widely and profoundly changing the structure of the Australian bushland. It 
is important to understand how this change affects the processes driving fauna 
responses in order to inform land management decisions. In Chapter 2 I showed that 
lantana (Lantana camara) is an important habitat feature for bush rats, and lantana 
density was positively correlated with bush rat abundance indices at the urban edge. In 
this Chapter I use a giving up density experiment to test the hypothesis that lantana 
structure reduces perceived predation risk for bush rats foraging in a mixed predator 
landscape.  Bush rat perceived predation risk, as judged by the Giving Up Density 
(GUD) method, were compared between patches with no vegetation cover (clear 
ground), lantana and native vegetation (bracken Pteridium esculentum) with the two 
vegetation types of equal density. Both lantana and bracken lead to lower GUDs 
suggesting that vegetation structure is generally perceived as safer than open ground 
irrespective of the particular plant species involved. Lantana appears to be a structural 
proxy for native vegetation in reducing perceived predation risk and, to a degree, 
advantages bush rat populations by this mechanism. 
INTRODUCTION 
The fear of predation can be a powerful influence on the behaviour of individuals 
(Ydenberg et al., 2007), and consequently has the capacity to shape population 
dynamics and distribution of potential prey (Arthur and Pech, 2003). In Chapter 2, I 
showed that bush rats use the weed lantana at both a fine and landscape scale. Also, 
bush rat abundance indices were positively correlated with lantana density at the 
urban edge which may indicate that lantana mitigates important urban edge effects. 
This correlation may at least partially be explained if lantana reduces their perceived 
predation risk which is likely to be an important and negative edge mechanism for 
native rodents (Bock et al., 2002). Bush rats are at risk of predation from a suite of 
native predators in the study area, including snakes, birds of prey, lace monitors 
Varanus varius and possibly tiger quolls Dasyurus maculatus (Guarino, 2001, Banks, 
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1999, NSW National Parks and Wildlife Service, 2000, Strauß et al., 2008). Potential 
alien predators of bush rats were identified in a survey of the study area undertaken 
shortly before this study commenced (Old and Wolfenden, 2010). Cats Felis catus, dogs 
Canis familiaris and foxes Vulpes vulpes were common, dogs particularly so, and foxes 
were seen to successfully predate small mammals.  Human activity (e.g. movement, 
noise) is also likely be perceived by bush rats as a predation risk, as has been shown for 
gerbils (Randall and Rogovin, 2002). In this chapter I use artificial foraging patches to 
test whether lantana lowers bush rat perceived predation risk which may explain their 
use of lantana and the apparent advantage the weed confers to bush rat populations 
at the urban edge.  
Measuring small mammal perceived predation risk 
Giving Up Density (GUD) (Brown, 1988) is a well established technique used to 
measure perceived predation risk. The value of food gained in a patch is offset against 
the cost of predation risk, missed opportunity and the energetic costs of foraging, as 
represented in the equation H = C + P + O; H = quitting harvest rates, C = metabolic 
cost of foraging, P the predation cost of foraging, O missed opportunity costs.  This 
technique uses a food reward that is progressively more difficult to obtain, classically 
in the form of seeds mixed through a substrate such as sand, so that the forager can 
obtain initial reward easily but then has to invest increased time and energy to locate 
buried items, creating diminishing returns with additional foraging. When the 
perceived risks and costs outweigh the benefit, the forager will ‘give up ’the patch. The 
missed opportunity, energetic and metabolic costs can be assumed to be the same and 
cancelled out if the experiment units are run at the same time, placed close enough so 
that environmental conditions are standard (other than the variable being tested),and 
if the substrate and food resource are identical. The amount of food remaining can 
therefore be used to quantify perceived predation risk. GUD experiments are regularly 
used to measure rodent responses to habitat or microhabitat variables (e.g. Arthur et 
al., 2004, Dutra et al., 2011, Mattos and Orrock, 2010, Brown et al., 1988, Strauß et al., 
2008). In this chapter GUD’s were tested between open ground, lantana and bracken. 
Bracken, which like lantana, is toxic to mammals (Fenwick, 1989, Alonso-Amelot and 
Avendana, 2002) was used to represent native vegetation to achieve consistency.  
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Does vegetation structure mediate perceived predation risk? 
Vegetation structure refers collectively to vegetation density, cover and architecture 
(as defined in Chapter 2). Vegetation density refers to the extent to which the plant 
biomass provides visual obstruction of the ground or an object, vegetation cover refers 
to the area occupied by the plant as a percentage of the surface area of the sample 
plot and vegetation architecture refers to the three dimensional physical arrangement 
of plants and their parts.  In Chapter 2 I found that all structural aspects of lantana, 
cover, density and architecture, predicted bush rat habitat use. The concept that 
vegetation structure can be more important than floristic composition for habitat use 
by small animals is not new (e.g. MacArthur et al., 1962) and recent studies also 
indicate that weeds can provide structural habitat for rodents, with weeds being more 
important as a refuge from predation risk than a food source (Dutra et al., 2011, 
Mattos and Orrock, 2010, Simone et al., 2012). For example, a hickory–oak deciduous 
forest system in the USA was invaded by a weedy shrub, Amur honeysuckle Lonicera 
maackii, which created an under storey layer that was previously lacking. Endemic 
white-footed mice Peromyscus leucopus perceived the novel shrub structure as safer 
(less of a predation risk) than the original habitat (Mattos and Orrock, 2010, Dutra et 
al., 2011) which was shown to be a more important attribute than its food value for 
mice in the Peromyscus genus (2011). In Australia dense cover of weedy thickets can 
reduce brush turkey Alectura lathami chick predation rate (Goth and Vogel, 2002), and 
lantana structure has recently been found to be important in maintaining reptile 
communities (Virkki et al., 2012). Thus weeds can advantage small prey by providing a 
refuge from predation due to improved structural cover.  
Although in some cases vegetation structure can advantage prey by providing a refuge, 
in others it can disadvantage prey by hindering visual detection of predators (Embar et 
al., 2011) and escape (Schooley et al., 1996, Simonetti, 1989). Whether vegetation 
structure is a help or hindrance can depend on the hunting strategy of the predator. 
According to the risk allocation hypothesis (Lima and Bednekoff, 1999), prey species 
are able to distinguish different hunting strategies from the cues presented by 
predators and adapt their response accordingly, making sophisticated choices in risk 
management. For example, kangaroo rats Dipodomys deserti and D. merriami avoided 
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vegetated patches because their main predator used an ambush technique, which is 
less effective over clear ground. However, when the main predator operated by aerial 
attack, their preference reversed (Bouskila, 1995). Locally, bandicoots Perameles 
nasuta at North Head near Sydney, preferred open ground which was attributed to the 
ability to detect and avoid predators more easily (Chambers and Dickman, 2002). 
Dense undergrowth is also thought to provide an advantage for cats and foxes as they 
hunt using ambush techniques (Edwards et al., 2002, Hopcraft et al., 2005, White et 
al., 2006), and these feral predators pose a strong predation risk to small mammals in 
this study area (Kutt, 2011, Meek 2003, Old and Wolfenden, 2010). The death adder 
Acanthopis antarcticus is also common in the study area. It also hunts by ambush, 
often hiding at the base of shrubs (Cogger, 1992), so is also likely to be advantaged 
more by vegetation structure than open ground. If perceived predation risk is in fact 
higher under lantana, then bush rats must be accessing superior resources there given 
their apparent preference for this vegetation type. 
In this mixed predator landscape, bush rats must be involved in a very complex game 
as they are at risk from a wide range of predators, including alien species, with a 
variety of hunting styles. Other complicating factors include the fact that different 
predator species may directly or indirectly mediate each others’ hunting success (Finke 
and Denno, 2004, Denno et al., 2005, Ritchie and Johnson, 2009, Ylonen and Brown, 
2007) and recent research indicates that cues from relatively recently arrived feral 
predators, such as cats, may not be understood by native species (Carthey and Banks, 
2012). Given this complexity, at any given time the individual bush rats’ information 
state is likely to be poor. Despite this, and the fact that several of their predators may 
be ambush style hunters advantaged by undergrowth, studies on small Australian 
mammals indicate that they perceive vegetation structure as safer than open ground 
when foraging (Stokes et al., 2004, Strauß et al., 2008).  
Does vegetation architecture mediate perceived predation risk? 
A variant hypothesis on the ‘structure vs floristics’ idea is that fauna will recognise 
differences in plant species architecture. The target plant species in this chapter have 
different architecture, lantana has a strong barbed horizontal interwoven stem 
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architecture (Thorp and Wilson, 1998 onwards, Muyt, 2001) whereas bracken is 
characterised by flexible vertical stems and leathery foliage (Fairley and Moore, 1989).  
Two important ways vegetation can affect predation risk are by influencing the 
detection and accessibility of prey (Rieder et al., 2010, Butler and Gillings, 2004, 
Bennetts et al., 2006), and the two mechanisms are not necessarily linked. For example 
whilst ground foraging bats Myotis myotis were able to detect prey in dense 
vegetation, their ability to successfully capture items was hampered due to obstruction 
of wing envelopment (Rainho et al., 2010). Wire mesh netting placed at ground level, 
which presumably provided a physical but not visual impediment to predators, 
resulted in lower GUDs for two small mammal species Antechinus stuartii and 
Sminthopsis murina than in the open (Stokes et al., 2004). A meta analysis of 
vertebrate GUD studies in terrestrial systems revealed that the role of vegetation 
structure is more important to prey for facilitating evasion from predators rather than 
preventing detection by them (Verdolin, 2006). This implies that prey should be able to 
distinguish between vegetation structures which impede predators versus structures 
which merely obstructs detection. I suggest that the impediment of bush rat predator 
movement (which determines prey accessibility) is primarily dependent on 
architecture and vegetation strength. For example, invertebrates will seek refuge in 
complex, within-plant architecture which impedes predators (Denno et al., 2005).  
A predictor of bush rat habitat use identified in Chapter 2 was cavity: low architecture, 
an artificial category developed to describe frequently occurring vegetation 
architecture patterns, based on the evenness of the horizontal layers (Table 2.2). The 
cavity: low layer may reduce perceived predation risk by providing a clear space to 
facilitate escape (Schooley et al., 1996, sensu Ylonen and Brown, 2007) whilst also 
obstructing detection and access by predators due to the covering layer of strong 
stems, and this may partly explain bush rat’s use of lantana. However, most studies 
indicate that vegetation structure mediates prey perceived predation risk use 
measures of density or cover (Wilkinson et al., 2013, Strauß et al., 2008, Yunger et al., 
2002, Orrock et al., 2004); architecture is more likely to be species specific, so available 
evidence suggests that plant architecture may be less important than density and 
cover.    
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Perceived predation risk at the urban edge 
Several studies suggest that habitat edges can be riskier for mobile prey. For example 
edge effects at the sea grass and sand edge for King George whiting Sillaginoides 
punctata were explained by predation by salmon, Arripis spp.,  (Smith et al., 2011) and 
a negative correlation between skinks and predatory birds at the peri-urban and 
woodland edge combined with higher strike rates there suggested increased predation 
of skinks (Anderson and Burgin, 2008). Urban edges may be perceived as a more 
dangerous environment than bushland interiors by small mammals because they are 
likely to be impacted by wandering domestic dogs and cats (Smith and Smith, 2010, 
Barratt, 1998, Old and Wolfenden, 2010). These human companion animals live in the 
urban matrix and are often uncontrolled (Old and Wolfenden, 2010) and therefore 
likely to have a ‘spill over’ effect on the adjacent edge habitat (Manolis et al., 2002, 
Oksanen et al., 1992, Liddicker, 1999). Such predators can use habitat edges as a 
pathway (Andren, 1995) and cats in the urban environment prefer to travel along 
vegetation boundaries (Meek 2003), such as would be provided by the abuttal of 
bushland to the urban boundary. Additionally, I found that domestic dogs were 
regularly walked along or near the boundary between the bushland and the urban 
matrix. Snakes may also prefer edges to facilitate thermoregulation (Blouin-Demers 
and Weatherhead, 2001). Urban edges are also likely to be characterised by increased 
human activity which may be perceived as a risk by small mammals. I regularly 
observed that human disturbance appeared greater in this area e.g. children playing in 
backyards, joggers and cyclists. Light from buildings and infrastructure may be an 
indirect cue of predation risk since moonlight is known to be (Brown and Kotler, 2007, 
Mattos and Orrock, 2010). If the urban edge is perceived as particularly risky by bush 
rats, lantana may provide a valuable service in this macrohabitat type by providing a 
refuge to mitigate perceived predation risk there. 
Aims 
Using a GUD experiment I aim to determine whether bush rat perceived predation risk 
is lower under lantana and native vegetation structure as opposed to open ground. 
Experiment modification was required following the pilot study, as it was not possible 
to compare different vegetation architecture patterns in a crossed design as originally 
planned.  
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Hypothesis  
Vegetation structure is more important than species for reducing bush rat perceived 
predation risk when foraging in a mixed predator landscape.    
Predictions 
Bush rat GUD will be lower under both native vegetation and lantana compared to 
open ground.  
Study Sites  
The study areas were within National Parks or Nature Reserves on the Central Coast of 
NSW, Australia. Sites for the pilot study were characterised by the weed lantana 
interspersed within a landscape of native vegetation. Sites for the main study (Figure 
2.1) were characterised by native bracken Pteridium esculentum as well as lantana.  
Sites were spatially independent, being separated by >400m, a distance twice that of 
the home range for the species (Maitz and Dickman, 2001, Robinson, 1987), or a 
minimum of 200m apart and also separated by a movement barrier such as a road 
(Barnett et al., 1978, McDonald and St Clair, 2004).  
Pilot trial 
Pilot trials were undertaken to assess the feasibility of testing Bush rat GUD response 
to differences in architecture categories cavity: low and homogeneous (Table 2.2) 
under native vegetation and lantana in a crossed design, where the density of 
vegetation types being compared is the same. Artificial food patches placed 5-10m 
apart under five different microhabitat types; native (homogeneous), native (cavity: 
low), lantana (homogeneous), lantana (cavity: low) and no vegetation cover. Two 
replicates were sampled concurrently. Five important issues were identified from the 
pilot study. Firstly, non-target species compromised results at one site via excessive 
interference (such as 100% visitation rate) especially black rats Rattus rattus, which 
almost completely depleted the food resource. Secondly it was very difficult to place 
the trays under the vegetation without altering the architecture that was being 
measured. Thirdly, it was not possible to find sites providing natural occurrence of H 
and CL architectures under similar-structured native vegetation, there was very high 
variation between native species in stem and foliage size, strength and orientation 
which would have confounded results. Fourthly, whilst the second site was not 
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affected by interference from non-target species, only one or two out of five trays 
were foraged by the target species per night. Interpretation of GUD’s depends on all 
resource patches being foraged within the same event (one night) so that conditions 
are constant and results commensurable. The failure to record a complete event may 
have been due to the number of trays and their relatively large degree of spatial 
separation (required due to juxtaposition of the relevant vegetation types) which may 
have raised the costs of search and or transit beyond the value of the food resource. It 
was unlikely to have been due to excess resource quantity as the trays that were 
foraged were depleted to a GUD lower than the species usually attains locally (Carthey, 
2011).  Alternatively the acclimatisation period may have been insufficient for the bush 
rats to have discovered the location of all the trays. Lastly, manipulation of vegetation 
was attempted to replicate the CL architecture where it did not occur naturally in 
order to facilitate a closer arrangement of trays, but the result was not considered to 
be sufficiently similar structurally to the natural growth pattern, so this idea was 
discarded. The problems that were encountered in this pilot study necessitated 
modification of experiment design. 
METHODS 
A power analysis was run a priori to estimate the number of replicates required to 
detect significant differences in GUD’s between vegetation types, using values 
extracted from data collected for a comparable experiment using bush rats in a similar 
geographic location (Carthey, 2011). Russ Lenth’s Java applets for Power and Sample 
size (Lenth, 2006-9) for a 1-way ANOVA was used for this calculation. Using SD = 5.82; 
Power was set at 0.8 and α at 0.5 by convention, a sample size of n=12 would be able 
to detect an effect size of 6.5 (or an approximate 20 % difference between GUDs), 
which was similar to the effect size found by Carthey (2011). Twelve sites were 
sampled between 7th July and 2nd November 2012. 
A replicate consisted of three artificial food patches, placed under bracken, lantana 
and one surrounded by clear ground. Following the pilot study, comparisons of 
vegetation architecture categories based on the evenness of the horizontal layers were 
removed from the design; instead GUD’s were tested only between open ground, 
lantana and bracken where both vegetation types were of the same height, fit the H 
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architecture type and were highly dense (category 3 pictorial reference method, Table 
2.1).  Food patches consisted of plastic trays (30cm length x 24cm width x 11cm height) 
that contained an inedible substrate of 1kg (± 20g) sterile Sydney sand (kiln dried), 
with 30g (±0.09g) peanut fragments mixed through in a random distribution. 
Fragments were weighed by digital scales to nearest 0.1g and were mixed into the 
sand by hand. A clear lid covered each tray with a 15cm hole allowing rat access and 
visibility of prey/predator, but preventing excess spillage of sand. Trays were 
monitored by remote sensing infra red camera (Scoutguard SG550V) in order to 
determine which species foraged there. Cameras were set approximately 50cm from 
the tray, supported by a 2m long 20mm2 surveyors peg. Cameras were set to video 
mode with 3M pixel 640*480 quality for 30 sec with 0 sec gap between recordings and 
high sensitivity. A clear perspex sheet 50 x 50cm was suspended 50-90cm above the 
tray in order to prevent wetting or flooding by rain, avoiding any disturbance of the 
vegetation. As the perspex sheeting was transparent and obstruction from the support 
posts negligible (< 5% of the tray obscured as measured by cover-board), small 
variation in cover height was not considered likely to affect perceived predation risk. 
To ensure that vegetation density was constant between the lantana and bracken 
units, a clear perspex cover-board 50 x 50cm scored with a grid 10cm2 was used to 
check that the food patch was visible to a similar degree (Figure 3.2). This method was 
adapted from the trapping/spooling study (Chapter 2), and from Freitas, Cerqueira et 
al (2002). The tray was observed through the cover-board from a distance of 1.5m and 
a height of approximately 80cm (kneeling height, to more approximate a fox or cat eye 
view) whereby the view of the forage tray filled 2 squares of the cover-board. The 
proportion of the squares in which view of the tray was obscured by vegetation was 
estimated for the native vegetation. This was done from the point of researcher access 
to the tray (called the front of the tray), from above, and from each side and the back 
of the tray where this was possible without trampling the vegetation, if not an 
estimate was made. The same process was then undertaken for the lantana section 
and then, where necessary, the lantana was manipulated to match the native 
vegetation in terms of visual obstruction of the tray and also height, by adding or 
subtracting branches which were woven into the existing structure in a similar angle to 
CHAPTER 3 Lantana and bush rat perceived predation risk 
 
71 
 
the natural growth pattern. Thus native and weedy sample units were of similar height 
and vegetation density, therefore any significant difference in results would be 
attributable to other features such as architecture or strength of the vegetation.  
The three trays were placed 3-6m apart (Figure 3.2) which was the tightest 
configuration possible given the difficulty in finding a juxtaposition of the requisite 
vegetation types. Other similar GUD studies have successfully used distances within 
this range (Stokes et al., 2004, Yunger et al., 2002), or greater (Strauß et al., 2008) and 
spacing that varies by a factor of 2 has been used successfully (Brown, 1988). The 
vegetation category extended for a radius of at least 1m from the food patch on three 
sides other than the front of the tray for the treatment unit (trays were pushed under 
the structure about 30cm from the front), and for a continuous radius of 1m for the 
open tray. 
An acclimatisation period of four nights was used to increase the chance of the rodents 
finding the tray and learning how to forage there successfully although in two cases it 
was extended for an extra night where a complete event had not occurred by night 3. 
During this period the remaining nut fragments were sieved from each sand tray each 
morning and 30g were replaced and mixed. On the fifth night the experiment 
commenced and repeated for three nights to account for camera failure, interference 
from non target species or non appearance by the target species, in order to increase 
the chance of attaining at least one successful result per site. Again, each morning the 
remaining nut fragments were sieved from each sand tray and weighed and 30g were 
replaced and mixed. Also, camera batteries were changed and SD cards containing the 
video footage were downloaded and replaced. Videos were viewed to determine 
which species foraged there. 
In the pilot study and the experiment proper there was a dichotomy in that there was 
either considerable interference from non-target species, such as Antechinus stuartii 
or other Rattus species, or very little to none. Results were accepted where bush rats 
comprised >90% of the video footage, and were the last species to forage at a tray, 
that is, they were the species to which the decision to give up could be attributed 
(Brown and Kotler, 2007).  
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Because weather and moon phase may provide indirect cues of predation (Brown et 
al., 1988) and consequently determine use of vegetation cover by prey (Mattos and 
Orrock, 2010, Dutra et al., 2011), weather type was recorded each night according to 
terms from the Australian Bureau of Meteorology (2011), and then placed into one of 
three categories: precipitation, cloudy, or fine; as all weather types that occurred 
during the experiment fitted one of these categories. Moon phase was considered to 
be a site effect, since change in illumination would be negligible over a three day 
period.  Where possible, three sites were run concurrently (which was the maximum 
possible logistically) so that weather could be included as a factor in the analysis.  
 
 
 
Figure 3.1 GUD site map, showing the position of each replicate on the Central Coast 
of NSW, Australia. 
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Figure 3.2 One experimental replicate, showing the three different vegetation types 
sampled. Photo by W. Gleen. 
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Figure 3.3 Use of cover board to measure vegetation density and ensure parity 
between vegetation types. Photo by C. Marsh. 
 
DATA ANALYSIS  
Differences in GUD were investigated using a two factor ANOVA without replication in 
Microsoft excel, following visual inspection of distribution of data in JMP v. 9 (SAS 
Institute, 1989-2010) which revealed no violations of the assumptions of normality and 
homogeneity of variance (Quinn and Keough, 2002). GUD was the dependent variable, 
factors were site and vegetation type. Where a significant difference was detected by 
ANOVA, independent t-tests were used to determine where the differences lay. Due to 
the high degree of site failure and the fact that several sites had to be run 
asynchronously, it was not possible to include weather in the model because different 
types of weather occurred between sites meaning the model would have been 
incomplete. Instead, effect of weather on GUD was analysed for each vegetation type 
separately by one way ANOVA in JMP version 9 (SAS Institute, 1989-2010), with data 
pooled across site.  
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An event was considered complete where at least two trays were foraged by the target 
species. Due to their proximity, if two trays were foraged it was assumed that the Bush 
rats had knowledge of the existence of the third tray therefore non-visitation was 
counted as a foraging decision. Three sites had only one complete event recorded, the 
other sites had two or three complete events recorded. In total, sixteen complete 
events were recorded from eight sites. The sample size was smaller than had been 
planned, again due to site failure (n = 4 sites where there were non target visits, lack of 
bush rat visit or flooding). A two factor ANOVA using the same method as above was 
used to analyse differences in GUD using the whole data set (i.e. including GUDs from 
non-target species) to gain an indication of the response of the whole mammal 
community, given that all non-target species (Rattus and Antechinus species) were 
within a similar weight range to Bush rats and susceptible to the same range of 
predators. One instance of brush-tail possum interference was excluded from this 
analysis.  
RESULTS  
Giving up Densities 
There was a significant difference in GUD’s between vegetation types F (2, 30) = 4.71, p = 
0.02, n = 16, Figure 3.4. Post hoc T-tests revealed that Bush rats foraging in open 
vegetation types left higher GUD’s than when in weedy types; t = 2.74, p = 0.008. Non-
target species that investigated or foraged at the trays were brown antechinus 
Antechinus stuartii, dusky antechinus Antechinus swainsonii, swamp rat, Rattus 
lutreolus, black rat, Rattus rattus, brush-tailed possum Trichosurus vulpecula, long-
nosed bandicoot Perameles nasuta (in the pilot study only) and currawong, Strepera 
graculina.  
Bush rat predators identified in the footage were boobook owl Ninox novaeseelandiae 
(an unsuccessful capture of an Antechinus stuartii by this species was recorded on 
camera), lace monitor Varanus varius and cat Felis catus, both of which inspected a 
tray but did not forage. A fox scat collected opportunistically at one site was analysed 
for prey identification; bush rat fur was identified (B. Triggs 2010 pers. comm.,17 
April), indicating active predation was occurring. Where A.stuartii was the last forager 
at a tray, GUDs were as low as 1.9g (mean =14.5, SD = 8.82, n = 12). The result from all 
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visitors (34 events recorded over 12 sites) revealed a similar pattern; significant 
differences in GUD’s between vegetation types F (2, 66) = 7.43, p = 0.001, n =34, with 
highest GUDs in the open vegetation compared to either the native or weedy 
vegetation; t = -3.14, p = 0.002, n = 34 and t = 2.85, p = 0.004 n = 34. Notably for both 
bush rat only data and all visitor data, GUDs did not differ between native and weedy 
vegetation (bush rats only t = 1.47, p = 0.08 all visitors t = -0.63, p = 0.27 n = 34). 
 
 
 
Figure 3.4 Mean GUD for different vegetation types ± SE. Bush rat only n=16, small 
mammal n = 34. 
  
Weather (precipitation, cloudy or fine) had no significant effect on GUD for any 
vegetation type, either for bush rat responses; F (2, 13) = 0.91 to 2, p = 0.1 to 0.42, or all 
visitors; F (2, 31) = 0.05 to 2, p = 0.15 to 0.95. 
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Post hoc T test results (in red where significant): 
A-B: T=-3.14, p = 0.002; B-C: T=2.85, p = 0.048, A-C: T=-0.63, p = 0.27.  
 D-E: T=-1.75, p= 0.0503, E-F: T=2.74, p = 0.008, D-F: T = 1.46, p = 0.08.  
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DISCUSSION 
The GUD experiment indicated that bush rats perceive that foraging within lantana is 
safer than in open conditions, as predicted. Although GUDs in native vegetation were 
not significantly lower than open ground, they tended to be lower and may have been 
significantly so had so many replicates not been excluded due to my strict criteria for 
inclusion. When data from all visitors was included GUDs were indeed significantly 
lower under native vegetation than in open ground and no different from the animals’ 
use of lantana. There are two main implications of these results. Firstly they suggest 
that vegetation structure is more important than floristics (species) for reducing 
perceived predation risk for small foragers. While the concept that vegetation 
structure is more important than floristic composition for determining fauna responses 
is longstanding (Haering and Fox, 1995, e.g. Bennett, 1993, Vernes, 2003, Garden et al., 
2007), mechanistic explanations have not generally been explored and are poorly 
understood. These results suggest that perceived predation risk is one reason small 
fauna responds to structural rather than floristic habitat characteristics, which accords 
with recent studies indicating that weeds can advantage small prey by providing a 
refuge from predation due to improving structural cover. (Dutra et al., 2011, Mattos 
and Orrock, 2010, Simone et al., 2012). Whether the risk is genuinely higher in open 
areas is poorly known and there is scope to investigate what the survival consequences 
are of foragers’ use of structural cover (irrespective of species) rather than open 
habitat. That mortality is correlated with perceived predation risk is an assumption 
that requires testing if we are to fully understand predator-prey dynamics. Dickman 
(1992) revealed that predator-experienced house mice Mus musculus shifted their 
habitat use to dense vegetation cover in response to predation risk, which increased 
their survival 2.5 times above that of predator-naive counterparts. Survival of 
snowshoe hares Lepus americanus and fathead minnows Pimephales promelas from 
predation has also been shown to be greater where vegetation cover is available and 
used for predator avoidance by prey, as opposed to open habitat (Gazdewich and 
Chivers, 2002, Rohner and Krebs, 1996). These studies indicate that there are real 
survival benefits from the availability and use of vegetation structure in a risky 
environment, but examples where this is investigated are few. 
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Secondly, in accord with other studies of small forager perceived predation risk (Stokes 
et al., 2004, Strauß et al., 2008, Dutra et al., 2011), vegetation structure was perceived 
by bush rats as safer than open ground even though open ground may afford the rats 
an advantage against ambush predators such as cats and death adders. This may also 
support the hypothesis that the risk from cats may be poorly understood by the native 
species such as the bush rat (Carthey and Banks, 2012), since dense vegetation may be 
riskier for the prey of this species.  
The architecture of lantana and bracken are dissimilar, particularly the strength and 
alignment of stems. Since there was no difference in bush rat GUD between the two 
species it suggests that architecture is not perceived as an important safety feature of 
the vegetation. However, bush rats apparent preference for lantana may have been 
explained had I been able to test the effect of the cavity: low architecture pattern on 
perceived predation risk as this feature may provide a dual advantage of escape 
facilitation as well as visual and physical protection from predators. There is scope for 
further understanding of whether vegetation architecture changes perceived 
predation risk. Garden (2007) suggests that variation in prey responses to vegetation 
structure is related to how it obstructs their movement and impedes escape from 
predators, for example animals of larger body size will be impeded by taller vegetation 
than smaller animals. However, predators, which are often larger than their prey, are 
likely to be restricted by the same structure. If the role of vegetation structure in 
facilitating evasion of predators by foraging prey is more important than its role in 
facilitating avoidance of detection by predators, as suggested by Verdolin (2006), it 
raises the question of whether prey can distinguish between vegetation structures 
which impede predators versus structures which merely obstruct detection. 
Vegetation architecture may play an important but as yet unexplored role in this 
regard.  
Bush rat preference for lantana may be because they use lantana for reasons other 
than safety. In a seminal study on the bush rats’ life history, Warneke (1971) 
postulated that dense cover may be important due to its correlation with greater food 
resources, conditions for burrow establishment and also as a buffer from weather 
conditions, though this discussion was derivative rather than empirically based. 
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Lantana does not appear to preclude burrow development as all three burrows found 
in weedy sites during previous research (Chapter 2) were situated underneath lantana. 
However, this is unlikely to provide an alternate hypothesis for bush rat use of lantana, 
as burrow placement is influenced primarily by edaphic qualities (Taylor, 1961, White 
et al., 1996). The horizontal stem structure of lantana may also provide a stable 
microclimate and a clear pathway allowing ease of movement and aiding the 
conservation of energy. Again this is unlikely to fully explain their use of lantana since 
energetic costs of foraging for rodents are generally considered to be lower than 
predation costs (Brown et al., 1994), especially in warm temperate environments such 
as the NSW Central Coast. 
When travelling under lantana, bush rats select deeper patches of leaf litter (Chapter 
2), which may indicate foraging and provide an alternate explanation for their use of 
lantana. Weeds can advantage invertebrate species by providing food resources and 
structures for ovopositing (Graves and Shapiro, 2003). Snails, known to be eaten by 
black rats Rattus rattus (Pers. com. Shea, 2012) a species with similar dietary habits as 
the bush rat (Dickman and Watts, 2008, Lunney, 2008) may also benefit from the 
microclimate underneath lantana thickets and may therefore be a food source for 
bush rats (Stokes et al 2007). However, lantana plants are unlikely to be eaten by bush 
rats as they are toxic to rodents and other mammals (Sharma et al., 1981, Sharma et 
al., 1988, Pass et al., 1979). There is also some limited evidence to suggest that there 
may be a loss of or change to the soil fungal component in association with lantana 
infestations (Australian Government, 2009, Shaukat and Siddiqui, 2001) which is an 
important food source for bush rats (Vernes and Dunn, 2009, Tory et al., 1997), and 
overall lantana reduces biodiversity (Coutts-smith and Downey, 2006a, Thorp and 
Wilson, 1998 onwards) which may reduce food availability through the loss of plant 
and insect diversity. The apparent advantage lantana gives to bush rat populations, 
especially where it grows densely at the urban edge, is at least partially explained by 
its capacity to reduce perceived predation risk via its structure. Other resources such 
as food and ease of access may also be of some benefit, which further investigation 
(for example faecal analysis) could confirm.   
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GUD Challenges  
Three challenging issues were encountered during this experiment, which exemplify 
some of the potential limitations of GUD techniques identified in a recent evaluation of 
GUD processes (Bedoya-Perez, 2013). Firstly, although I set up to test bush rat use of 
food trays, my trays had visits by seven other different species. Non-target use of trays 
is a potentially common problem in the field use of GUD techniques that is only rarely 
acknowledged. GUD techniques have been used extensively since the 1980’s, but only 
recently has the advent of remote sense-ing camera technology enabled a more 
accurate assessment of exactly which species are visiting and which species leaves the 
GUD that is measured. Older methods such as tracking boards (Stokes et al., 2004, 
Strauß et al., 2008), or use of circadian timing to target certain species (e.g. assuming 
isolation of species due to diurnal vs nocturnal habit (Brown, 1988)) are likely to be 
inaccurate. For example, tracking boards might not record bird species landing directly 
on the sample unit. By using remote sense-ing cameras I was able to detect non-target 
animal visitation and exclude results attributable to them.  
Secondly, the state of the forager is another important issue to consider in GUD 
experiments (Bedoya-Perez, 2013). An individual’s response to predation risk is known 
to be influenced by social factors (Randall and Rogovin, 2002, Owings and Coss, 2007, 
Hersek and Owings, 1993, Halle, 1988) demographic status (age, gender, reproductive 
state) (Ylonen and Brown, 2007, Bertram and Leggett, 1994) and morphology and 
fitness (Schwanz et al., 2012, Clark, 1994). In field experiments it is generally not 
possible to control gender, age or size, which will vary within a real population. In this 
study in order to maintain independence, sample units were spatially separated within 
a heterogeneous landscape, consequently the different populations would have been 
shaped by unique circumstances; the profile in terms of forager state was thus likely to 
be different in each case. Also the resource richness of the surrounding matrix can also 
affect GUD (Searle et al., 2008) due to increasing or decreasing missed opportunity 
costs, and this would be differ at each site.  
Lastly the ‘preference’ (lowest GUD) for vegetation type varied within site from night 
to night, which provided ‘noise’ in the data. This could have been a reflection of the 
risk allocation hypothesis (Lima and Bednekoff, 1999), where changing types of threat 
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elicit different responses from well informed prey, however, this oscillation occurred 
62.5% of the time, indicating that perhaps something is driving the phenomenon. It 
may be a consequence of the fact that the resource is artificially provided and is 
predictable in space and time, which may affect predator-prey interactions (Bedoya-
Perez, 2013). In the context of the predator-prey game possibly the predictability of 
returning to the same forage tray on consecutive nights is perceived as risky by prey, 
especially as any odour left on the first night may inform predators of their presence 
(Hughes and Banks, 2010). However, this would contradict other evidence suggesting 
that predators do not respond to fine scale prey behaviour (Searle et al., 2008). 
Behavioural traits of the forager have been identified as a potential limitation of GUD 
techniques (Bedoya-Perez, 2013); investigation of small mammal patch use over longer 
sequential foraging periods would address this issue.  
The problems encountered during the design and implementation of this experiment 
do not invalidate the result, but potentially decreases the chance of detecting a 
significant difference due to increasing the variation of between site responses. They 
also support Bedoya-Perez et als’ (2013) findings which highlight the need for further 
research to resolve some of the questions these issues raise regarding the application 
of Giving Up Density techniques in the field.  
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CHAPTER 4 Does competition from black rats 
lower habitat quality for the bush rat at the urban 
edge? 
 
ABSTRACT 
In this chapter I investigate whether the presence of black rats (Rattus rattus) alters 
the habitat quality for bush rats (Rattus fuscipes) at urban edges. The black rat, an 
invasive synanthropic species, may be more prevalent at the urban-bushland edge due 
to processes such as spill over from the urban matrix. Recent hypothesis predict that 
these processes would lead to competitive dominance of black rats over bush rats as 
competition between the two species is symmetrical except where residency predicts 
dominance (the residency hypothesis) (Stokes et al., 2009b, Stokes et al., 2009a, 
Stokes et al., 2012). I explored this possibility using camera traps to examine patterns 
in abundance and activity of both species across urban edge, core weedy and core 
habitats. Although the absence of black rats at all core sites may have been due to 
biotic resistance from resident bush rats, there was no clear evidence that higher 
abundance of black rats resulted in competitive dominance at the urban edge. 
Consequently it is unlikely that black rats are a cause of lower habitat quality for bush 
rats at urban edges.  Lack of support for the residency hypothesis may have been due 
to the patchy nature of black rat distribution which lead to gaps in the data set. 
Alternately lantana, which is denser than native vegetation, may have mediated 
competition by providing visual and physical barriers to aggressive encounters. These 
results should be considered with caution, however, as due to the short term nature of 
the study they reflect this inter specific relationship at only one point in time. Longer 
term studies and examination of demographic indicators are required for better 
understanding of black and bush rat associations at the urban edge.  
INTRODUCTION  
In Chapter 2 I found evidence to support the idea that weedy urban edges were of 
poorer quality habitat for bush rats compared to core patches, based on both 
population and demographic properties of the trapped population. In Chapter 3 I 
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showed that bush rats perceive weeds (Lantana) as having lower predation risk, which 
is usually a property enhancing habitat quality rather than reducing it. In this Chapter I 
investigate whether weedy urban areas were of lower quality because of inter-specific 
competition by the introduced and invasive black rat Rattus rattus, a symmetrical 
competitor of the bush rat (Stokes et al., 2009a) known to be associated with urban 
development (Watts, 1983, Dickman and Watts, 2008).  
Competition between species is a fundamental ecological mechanism that shapes and 
limits populations, drives community dynamics and defines biodiversity as species 
adapt to gain an advantage or survive in the struggle for resources. An often-cited key 
trait of many invasive species is an ability to outcompete similar endemic species 
(Mooney and Cleland, 2001, Sax and Brown, 2000, Human and Gordon, 1996). Where 
two coexisting species have the same requirements, the competitive exclusion 
principle (Gause, 1934) dictates that one species will displace the other. This might be 
because one is more efficient than the other, termed exploitation competition (Petren 
and Case, 1996, Bøhn and Amundsen, 2001, e.g. Alatalo et al., 1987), or they may be 
better placed to win aggressive interactions, termed interference competition (Rowles 
and O’Dowd, 2007, van Riel et al., 2007, e.g. Human and Gordon, 1999, Piper and 
Catterall, 2003). Over evolutionary time frames, the disadvantaged species will counter 
this pressure by adapting physically or behaviorally in order to access alternate 
resources leading to niche separation (Rosenzweig, 1981). However, within ecological 
time frames, encompassing periods not long after invasion by alien species, 
competition has the potential to be intense. 
It is only recently that attention has been focused on the role of the invasive black rat 
in mediating ecological processes in Australia (for a review see Banks and Hughes, 
2012). In the past its impact on native species in terms of displacement was thought to 
be relatively benign (Watts, 1983, Watts and Aslin, 1981). However, recent 
investigations (Stokes et al., 2009b, Stokes et al., 2009a, Stokes et al., 2012) into spatial 
separation of the two species found that it was the resident species that was 
competitively dominant. I will henceforth refer to this as the ‘residency hypothesis’. 
Stokes (2009a) found that black rats were associated with disturbed habitats such as 
camp sites; this is characteristic of the species which is known to thrive in 
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anthropogenically disturbed or built environments, whereas bush rats, though capable 
of persisting in disturbed habitats, were associated with undisturbed areas.  
The urban edge can be a point of incursion for invasive species, though the process is 
best understood for plants.  Alien plant species that originate in the urban matrix often 
have the opportunity and conditions to invade bushland from the urban edge. For 
example, plant propagules can be generated in artificially large volumes in the urban 
matrix (Holle and Simberloff, 2005) and can be spread by transport to or along the 
urban-bushland edge(Brooks, 2007). Disturbance of natural vegetation and changed 
abiotic conditions at the urban edge can then create conditions that favour 
establishment of alien weed species (Scherer-Lorenzen et al., 2007, Levine et al., 
2003), which consequently are often characteristic of such edges (Alston and 
Richardson, 2006, Hansen and Clevenger, 2005, Smith and Smith, 2010).  
By changing the physical properties of the edge weeds can become an inherent part of 
edge processes, prompting cascading effects that may alter ecosystem processes 
(Charles and Dukes, 2008) such as the mechanics of seed dispersal (Cadenasso and 
Pickett, 2001),  or behaviour of fauna (Dutra et al., 2011). While there are fewer 
reports of invasive fauna causing or mediating edge effects, one well-documented 
example is the effect of the argentine ant Linepithema humile. This aggressive ant 
species alien to southern California USA was shown to invade natural areas there from 
the urban matrix, displacing several native ant species by interference and exploitation 
competition, and as such functioning as a biotic edge effect (Suarez et al., 1998, Bolger, 
2007).  The invasive black rat may compete with bush rats at urban edges since both 
species have similar dietary and habitat requirements.   
Four key processes may lead to increased abundance of black rats at the urban edge. 
Firstly access to spatially separate resources (Ries et al., 2004a) may advantage the 
species given that they can utilise urban as well as bushland resources (Dickman and 
Watts, 2008, Weerakoon, 2011) such as artificial nest sites (for example roofs or 
buildings), or supplementary food (Beckmann and Berger, 2003). Secondly the black 
rat, being a synanthropic species, may be pre adapted to characteristics of the urban 
edge such as disturbed ground (Stokes et al., 2009b), and an ability to utilise urban 
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resources. For example, using a bait marker and trapping study, Weerakoon (2011) 
found that 70% of black rats caught in edge habitats of bushland areas in Sydney 
(NSW) had visited the urban matrix within the last two weeks. Thirdly the presence of 
lantana, another invasive species, could advantage them by a mutualistic relationship 
known as invasion meltdown (Simberloff and Von Holle, 1999). Fourthly, populations 
may simply spill over (Rowley, 1994) from the urban matrix into edge habitat.  
Spill over of mobile organisms has been documented across human altered and natural 
habitats such as the agricultural – bushland boundary (Blitzer et al., 2012, Rand et al., 
2006) and is a well known effect in marine sanctuaries where aquatic species spill over 
to and supplement adjacent fishing zones (Russ et al., 2003, McClanahan and Mangi, 
2000). Urban areas may provide reservoir populations of black rats which act as a 
source for edge habitats whereas bush rats are seldom reported from the urban matrix 
and in Chapter 2 I found that bush rat abundance was greatest in core areas at least 
200m from the edge. Therefore if recruitment to the edge occurs for bush rats it is 
from a more dispersed source.  This unequal reinvasion potential driven by spill over of 
black rats from the urban matrix into the adjacent bushland may allow black rat 
residency to be established and defended at the urban edge.  
If the black rat is likely to prevail over rush rats at the urban edge, the converse is likely 
to be true in core habitats as native species are advantaged by their long term 
incumbency and niche establishment (Shea and Chesson, 2002). 
In this chapter I use remote sensing video cameras to census bush and black rat 
populations at weedy edge, weedy core and core sites to test predictions of the 
competition hypothesis as an explanation for the apparent poor quality of urban edges 
for bush rats. These macrohabitat types were used in order to tease apart fauna 
responses to weeds as opposed to other edge properties (as discussed in Chapter 2). 
Camera traps have become widely established as a method for estimating abundance 
(e.g.Garrote et al., 2012, Silver et al., 2004, Rowcliffe et al., 2008, Karanth and Nichols, 
1998) and reliably predict black rat abundances in habitat similar to mine (Weerakoon, 
2011). For example, an index created for black rat populations in Sydney from remote 
sensing camera footage reliably revealed population differences associated with 
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macrohabitat types (Martin and Banks, 2010). Cameras also allow a temporal aspect to 
be explored which is important when examining inter specific competition since 
temporal partitioning of the same resource can indicate interference competition 
(Kronfeld-Schor and Dayan, 2003, Harrington et al., 2009, Carothers and Jaksić, 1984) 
and/or explain co-existence (Kronfeld-Schor and Dayan, 1999, Kronfeld-Schor and 
Dayan, 2003). They are also advantageous when aiming to compare the abundances of 
different species that would otherwise require different sampling techniques (as black 
rats tend to avoid Elliott traps while bush rats use cage traps less (Stokes, 2013)). I will 
assume here that frequency of independent visits correlates with abundance, and that 
this correlation is standard between the replicates (sites) being compared. Between 
site variation caused by extrinsic factors is not as important though if the aim is to 
measure relative rather than absolute abundance. In this study one site from each 
macrohabitat type was sampled concurrently to standardise these factors as much as 
possible. Another important assumption is that that population densities are 
sufficiently large, or resources sufficiently scarce to engender competition (Wiens, 
1977).   
Aim 
My specific aim is to test the Bush/Black Rat residency hypothesis to see whether it 
explains poor habitat quality at the urban edge for bush rats due to inter specific 
competition from black rats which are advantaged by urban edge effects. I also aim to 
examine the role that the weed Lantana plays in the relationship. I will do this by 
examining the association of abundance indices between the two species at macro 
scale at the weedy urban edge, core weedy and core habitats to look for negative 
associations supporting the residency hypothesis. Competition manifests at different 
scales, so I will also look for evidence of fine scale habitat partitioning and temporal 
partitioning which may indicate interference competition.   
Hypothesis 
The residency hypothesis is that black bats, being synanthropic, will have a competitive 
advantage over bush rats in gaining residency at the urban edge, partly because they 
are subsidised by and will spill over from the urban matrix. 
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Prediction 
 I predict that there will be a negative association of abundance indices for black and 
bush rats at macrohabitat scale, with relatively high black rat abundance indices and 
relatively low bush rat abundance indices at the urban edge. The converse will be true 
in core habitats, and either may occur in core weedy habitats.   Where both species are 
present in a patch, inter-specific competition should be reflected by fine scale spatial, 
habitat or temporal partitioning, especially in weedy patches. 
METHOD  
Three macrohabitat types were sampled weedy edge, weedy core, and core (defined in 
Chapter 2). The target weed species was lantana Lantana camara.  The same sites 
were used as for earlier trapping and spooling (Figure 2.2). Six replicates (n = 18 sites) 
were sampled in the austral winter at each site five baits were placed at 12m intervals 
along a transect; a bait consisted of a cardboard square (20 x 30cm) soaked in peanut 
oil anchored to the ground using two golf tees. Each bait was monitored by a remote 
sensing infra red camera (Scoutguard SG550v) set approximately 1m away at a height 
of approximately 1m, held by a wooden stake or extant vegetation stems (Figure 4. 1). 
Variation was necessary to avoid disturbance of the vegetation. For examination of 
fine scale habitat use, eleven microhabitat variables were recorded at each camera 
trap for a 1m radius of the bait following the methods described in Chapter 2 (Table 
2.1); vegetation architecture type: cavity: low, cavity: tall, homogeneous, fallen tree,  
leaf litter %cover, vegetation density (0-3method), vegetation height,  lantana %cover, 
lantana density, big logs (termed ‘logs’), big trees (termed ‘trees’),  distance to suburb 
edge (at edge sites only). The set of variables sampled represents a condensed sample 
from that used in Chapter 2 to target those most likely to predict presence. Cameras 
were set to video mode and to record for 60 seconds when triggered by movement 
with a 0 second gap between recordings, 3M pixel 640*480 quality and high sensitivity 
and recording was run over three nights.  A trio of sites, one of each macrohabitat type 
was sampled concurrently. Sampling started and ended at midday. Each video was 
labeled by site, macrohabitat type, position on the transect and night (N1, N2, N3). 
Videos were scored by recording the presence or absence of fauna which was 
identified to species, and the number of individuals if more than one of the same 
species was recorded in one video. Bush and black rats are physically similar and were 
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identified according to the criteria developed by Martin and Banks (unpublished (2010) 
which uses video recordings to fully observe key diagnostic features such as tail length, 
thickness, face shape, ear position and behaviour. I scored 100% in a blind test 
conducted a priori where I viewed videos of randomly presented pre-identified black 
and bush rats. 
 
 
Figure 4.1 Position of bait (peanut oil soaked cardboard) and camera (Scoutguard 
550v) for camera trapping surveys of bush rat and black rat activity in edge core and 
weedy habitats. Photo by W. Gleen. 
 
DATA ANALYSIS 
Method 
To generate an index of abundance, it was necessary to define an independent visit by 
an animal from a long foraging event (i.e. consecutive videos of the same animal 
repeatedly triggering the camera). The time intervals between consecutive con specific 
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visits were examined for both species separately as a frequency histogram (Figure 1). 
Visual examination indicated there was a demarcation following the two minute 
interval for both species. Consequently a time interval of three minutes or more was 
chosen as representing an independent visit.  
  
 
Figure 4.2 Histogram of the frequency of time intervals between visits to the bait (in 
minutes). A demarcation following the two minute interval is visible. 
An index of abundance for black and bush rats respectively was derived for each 
replicate (site) by pooling the number of independent visits for all 5 cameras on the 
transect. Only first night data was used as it may be the most accurate measure of true 
abundance over consecutive rodent activity periods (Weerakoon, 2012).  
Bush and Black Rat abundance indices and macrohabitat type 
Black rat indices of abundance for each site were compared across macrohabitat type 
using a Wilcoxon test in JMP v. 9 (SAS Institute, 1989-2010), and Bush Rat indices of 
abundance were compared using ANOVA and the same software. Separate analyses 
were used due to the patchy nature of the black rat data which could not be 
transformed to suit the requirements of a parametric test. Data adjusted to account 
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for non-trappable area (Chapter 2), was also analysed, however, the result did not 
differ in any meaningful way from unadjusted data. Until this method can be tested 
against known data, use of unadjusted data may be more accurate, and was used 
henceforth. Where results were non significant  power analyses were run using Russ 
Lenth’s Java applets for Power and Sample size (Lenth, 2006-9) to confirm that the 
experiments had the power to detect biologically meaningful differences. The 
detectable contrast was expressed as a percentage difference of the core mean. 
Relationship between black and bush rat abundance indices 
Interference competition can often lead to patterns of association that can be difficult 
to identify with simple linear regression, especially when a subordinate species may 
only show responses to the dominant competitor when it is at higher densities, while 
at lower densities, the numbers of the subordinate species responds to other 
environmental features. Thus to test association between black rat abundance indices 
and Bush Rat abundance indices (y) I used a quantile regression using the rq() function, 
part of the quantreg package in R (R Core Team, 2012). As explained and 
demonstrated by Johnson and VanDerWal (2009), significant associations between 
species may be missed by examining simple linear relationships whereas a quantile 
regression yields more detailed information by accounting for associations at either 
end of the abundance scale.  
Habitat associations of each species 
To examine the habitat associations of each species in weedy habitats I fitted a 
Generalised Linear Mixed Model (GLMM) to the bush rat and black rat abundance 
indices from edge and core weedy sites only.  A Poisson model with logarithmic link 
was selected allowing for over-dispersion of the count data. A random term for ‘site' 
was included in the model.  The initial fixed effects in the model were vegetation 
architecture type (cavity: low, cavity: tall, homogeneous, fallen tree), leaf litter cover, 
vegetation density, vegetation height, lantana cover, lantana density, logs, trees, 
macrohabitat type.  Backwards elimination was used to eliminate redundant variables.  
A significance threshold of P < 0.05 was used.  The GLMM was fitted using GenStat 
Release 15 (www.vsni.co.uk). The variable ‘distance to edge boundary’ was analysed 
separately as it was only relevant to edge sites; the association was examined using a 
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scatter plot of bivariate fit in JMP v. 9 (SAS Institute, 1989-2010) and tested using 
Pearsons correlation. Where results were non significant power analyses were run 
using Russ Lenth’s Java applets for Power and Sample size (Lenth, 2006-9) to confirm 
that the experiments had the power to detect biologically meaningful differences. The 
detectable contrast was expressed as a percentage difference of the core mean. It was 
not possible to run a power analysis for data analysed by quantile regression since 
there is no appropriate test for this statistic type. 
Temporal separation 
If one species was competitively dominant over the other, the subordinate species 
might delay visits to places with the dominant in order to avoid potentially dangerous 
encounters. To test this and determine whether a black rat visit delayed bush rat visits 
or vice versa, each  black rat visit was used as a reference point, then the time (in 
minutes) to the last previous bush rat visit (indicating black rat response) and the time 
to the next bush rat visit (indicating bush rat response) was compared. This method of 
considering temporal separation accounts for the comparative rarity of black rat visits. 
Only the first night of recording was examined due to low visitation rates over the 
following nights.  Where there were two animals of the same species in the frame it 
was recorded as one event. The results were compared with a paired t-test in JMP v. 9. 
Species might also partition space use over a longer time frame so as to avoid 
competitive interactions. To investigate this I examined activity patterns - the number 
of visits in each hour interval - for both species separately, pooling results across site 
for the full 72 hr sampling period. A Kolmogorov-Smirnov two sample test for large 
samples (Sokal and Rohlf, 1995) was used to determine whether distributions of times 
of activity for each species were from populations with the same distribution. Where 
results were statistically non significant, power analyses were run using Russ Lenth’s 
Java applets for Power and Sample size (Lenth, 2006-9) to confirm that the 
experiments had the power to detect biologically meaningful differences. The 
detectable contrast was expressed as a percentage difference of the core mean. 
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RESULTS 
Bush and Black Rat abundance indices and macrohabitat type 
Black rats were patchily distributed across all macrohabitats and only occurred at only 
one third of all sites. As a result there were no significant differences in black rat 
camera visits between macrohabitat types Chisquare (2) = 1.77, p = 0.41, n = 18, despite 
the fact that there were no black rats at core sites with one exception. Visits by bush 
rats also didn’t differ significantly between macrohabitat types; F (2) = 3.25, p = 0.07. A 
power analysis showed that the experiment had the power to detect a 135% 
difference from the core mean for bush rats, which is a biologically meaningful result 
however the experiment had the power to detect a 2,580% difference from the core 
mean for black rat visits which is not a biologically meaningful result.  
Relationship between black and bush rat activity 
There was high variation in bush and black rat activity across the suite of sites but no 
obvious pattern in their relationship as the quantile regression did not result in any 
significant regression lines, Table 4.1. Bush rats were present at all sites and both 
species were present at six out of eighteen sites. 
Regression line T P 
0.05 0.49 0.63 
0.1 0.39 0.7 
0.25 0.24 0.81 
0.5 0.09 0.93 
0.75 -0.28 0.78 
0.9 -0.40 0.70 
0.95 -0.73 0.48 
 
Table 4.1 Summary statistics for a quantile regression of the number of independent bush 
rat and black rat visits per site (for the first night of sampling only). N = 18. 
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Habitat associations of each species 
There was a positive association with bush rat activity and lantana cover and the 
vegetation architectures cavity: low, fallen tree and cavity: tall and a negative 
association with the number of logs, Table 4.2. Black rat activity was also positively 
associated with the cavity: low vegetation architecture and also with lantana, but with 
‘density’ instead of ‘cover’.  Habitat features different to those used by bush rats were 
leaf litter cover and the number of logs (a positive instead of negative association), 
Table 4.3. 
There was no significant association between bush rat activity and distance to the 
suburb edge r = 0.12, P = 0.56, N = 27, or black rat activity and distance to the suburb 
edge r = - 0.03, P = 0.89, N = 27.  
 
Variable d.f. SE SED F Fpr Remission 
coefficient 
Back transformed 
means (on the original 
scale) 
cavity: 
low 
1 NA 0.38 5.71 0.021 NA 0: 0.00 
1: 0.91 
logs 1 0.68 NA 5.61 0.022 -1.614 NA  
cavity: 
tall 
1 NA 0.4 5.61 0.022 NA 0:  0.00 
1:  0.96 
fallen 
tree 
1 NA 0.005 7.69 0.008 NA 0: 0.00 
1: 1.51 
lantana 
cover 
1 0.005 NA 5.78 0.020 0.01168 NA 
 
Table 4.2 Summary of GLMM statistics on habitat associations of bush rats. N = 56 
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Variable d.f. SE SED F Fpr Remission 
coefficient. 
Back transformed 
means (on the 
original scale) 
cavity: 
low 
1 NA 0.50 16.0
9 
<0.00
1 
NA 0:  0.00 
1:  1.99 
litter 1 0.74 NA 27.0
6 
<0.00
1 
0.73 NA 
logs 1 0.74 NA 13.0
2 
<0.00
1 
2.66 NA 
lantana 
density 
3 17301 
(Avera
ge) 
NA 8.53 <0.00
1 
NA 0: -19.75 
1: 0.00 
2: 1.99 
3: 3.69 
 
Table 4.3: Summary of GLMM statistics on habitat associations of black rats. N = 56. 
 
Temporal Separation  
Where both species coexisted at a site, distribution in a scale of hours was different 
between the two population samples; unsigned difference D = 1.82 > D.05 = 0.038. N = 
72 (Figure 4.3), these different nightly activity patterns suggest avoidance behaviour 
within site which can be an indication of interference competition.  
At a fine scale (examining time elapsed between con-specific visits) there was also 
temporal separation between species, which was absolute; i.e. there were no 
instances where bush and black rat visits overlapped. There was no difference in time 
interval between bush rat visits following black rat presence or black rat visits 
following bush rat presence; t (18) = 0.4, p = 0.69 suggesting that there wasn’t any clear 
dominance of one species over the timing of a later visit by the other species. A power 
analysis showed that the experiment had the power to detect a 46.49% difference 
from the core mean (a biologically meaningful result) 
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Figure 4.3: Percentage of total activity (independent visits) across 72 hours that occurred in each hour interval for bush and black rats.  
There were a total of 210 bush rat independent visits to cameras at 18 sites and 79 black rat visits at 6 sites. 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
1
2
0
0
 
1
4
0
0
 
1
6
0
0
 
1
8
0
0
 
2
0
0
0
 
2
2
0
0
 
2
4
0
0
 
0
2
0
0
 
0
4
0
0
 
0
6
0
0
 
0
8
0
0
 
1
0
0
0
 
1
2
0
0
 
1
4
0
0
 
1
6
0
0
 
1
8
0
0
 
2
0
0
0
 
2
2
0
0
 
2
4
0
0
 
0
2
0
0
 
0
4
0
0
 
0
6
0
0
 
0
8
0
0
 
1
0
0
0
 
1
2
0
0
 
1
4
0
0
 
1
6
0
0
 
1
8
0
0
 
2
0
0
0
 
2
2
0
0
 
2
4
0
0
 
0
2
0
0
 
0
4
0
0
 
0
6
0
0
 
0
8
0
0
 
1
0
0
0
 
P
e
rc
e
n
ta
ge
 o
f 
to
ta
l a
ct
iv
it
y 
Start time of hour interval 
bush rat  
black rat 
CHAPTER 4 Does competition from black rats lower habitat quality for the bush rats at the 
urban edge? 
 
96 
 
DISCUSSION 
The camera trap results did not provide clear support for the hypothesis that Black Rat 
populations are subsidised by urban resources at urban-bushland edges, or that spill 
over is operating strongly from the urban matrix. This hypothesis predicted significant 
difference in black rat abundance indices between the urban edge and other 
macrohabitat types but black rats were patchily distributed and not more abundant at 
the urban edge. As a result, the experiment lacked the power to detect a biologically 
meaningful difference in black rat abundance indices and there was no clear test of the 
idea that higher abundance of black rats resulted in competitive dominance at the 
urban edge. In fact there was no association between black and bush rat abundance 
indices at macrohabitat scale and at several sites both species were present.  
Edge and core weedy sites in this study all had a history of disturbance as did the one 
core site at which black rats were present (it was discovered post hoc to have had an 
old picnic site nearby). Notably, there were no black rats in undisturbed core sites, 
which supports existing understanding that establishment of black rat populations is 
facilitated by disturbance events (Watts and Aslin, 1981, Cox et al., 2000, Martin and 
Banks, 2010 unpublished). Alternately, as bush rats were present at all sites, it is 
possible that black rat absence at undisturbed core sites reflects biotic resistance by 
resident bush rats, supporting the residency hypothesis (Stokes et al., 2012). It is 
possible that core weedy habitats were actually the best quality habitat for black rats 
(as mean abundance indices were greater there), as was the case for bush rats, but 
that the difference was not detected due to low frequency of site presence, black rats 
being present at less than one third of all sites. 
Fine scale temporal separation of the two species was absolute; while there were 
occasions where several conspecific individuals were active at the bait concurrently; 
there were no recordings of the two different species together. This separation does 
not seem to be a consequence of asymmetrical competitive interactions as there was 
no difference in the interval following an inter-specific visit for bush or black rats, but 
rather supports the premise that they are symmetrical competitors. However, this 
result is another indication that there was no clear residents competitive advantage as 
Stokes (Stokes et al., 2012) found clear competitive dominance of the resident species. 
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Moreover, while the two species had different nightly activity patterns, there was no 
clear shift in circadian patterns of activity e.g. black rats becoming diurnal in areas with 
bush rats or vice versa, as can occur under intense inter-specific competition (Di Bitetti 
et al., 2009, Harrington et al., 2009).  
Both rodent species were associated with similar habitat features, but also had some 
unique preferences, which might also explain their ability to coexist. Both black and 
bush rats used cavity: low architecture and lantana, although they used lantana slightly 
differently. It was found bush rat activity was associated with lantana % cover and 
black rats with lantana density. This supports earlier results (Chapter2, Chapter 3) that 
indicate that lantana, and also vegetation architecture (particularly the cavity: low 
category) are important habitat features for bush rats and suggests that they may be 
universally important for small mammals. Black rat activity was positively associated 
with leaf litter cover, supporting existing evidence that it is an important predictor of 
habitat use for this species (Cox et al., 2000). Similarly there was a positive association 
with logs whereas bush rat activity was negatively associated with logs. This may 
indicate habitat partitioning, although apparent avoidance of logs by bush rats can be 
a consequence of a negative correlation with lantana which is an overriding habitat 
preference (Chapter 2). Bush rat use of ‘fallen tree’ and ‘cavity: tall’ architecture was 
unexpected since neither architecture influenced bush rat path in the previous study 
(Chapter 2). It is likely that the association with fallen trees was due to the process of 
placing the bait which by necessity created a small gap in the vegetation, so this 
category may have been perceived by the bush rats as cavity: low. Their use of cavity: 
tall architecture contrasted with Chapter 2 where it was used less than predicted from 
availability, which was attributed to unstable microclimate due to increased air 
convection. The cavity: tall category was broadly defined and included any cavity 
where the vegetation layer began ≥ 30cm above ground level, meaning some cavities 
within this category were much larger than others. The category was imprecise partly 
as a consequence of time constraints prohibiting individual measurement of each 
cavity and partly because there was insufficient occurrence of intermediate strata to 
warrant definition of finer categories. Function may differ with size of cavity for 
example while increased air convection may have caused an adverse microclimate, 
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smaller cavities may have been more similar to cavity: low in function consequently 
there was variation in response. Response differences to cavity height could be 
clarified with more precise measurement in future.  
In summary, while some habitat features were shared, partitioning in time and of 
some microhabitat features occurred between the two species.  Microhabitat 
partitioning could be also explained by differences in biology driving different habitat 
selection, but this is unlikely since both species are habitat generalists (Braithwaite et 
al., 1978, Dickman and Watts, 2008, Lunney, 2008, Pereoglou et al., 2013). It is more 
likely that the partitioning is a reflection of interference competition (Di Bitetti et al., 
2009, Harrington et al., 2009), a process which allows species with similar 
requirements to co exist (Morris et al., 2000).  
It is possible that where the two species coexist, habitat partitioning occurred 
vertically, but the study design did not allow examination of this aspect as the focus 
was at ground level due to bush rats’ ground dwelling habit. Black rats are adept 
climbers (Watts and Aslin, 1981), so it is possible that they focused more on arboreal 
resources than the bush rat although a local study of black rat habitat use showed that 
they were most active on the ground (Cox et al., 2000). If vertical partitioning did occur 
it should not invalidate these results as the arboreal resources are not available to 
terrestrial bush rats thus are not open to competition, and it is therefore black rat 
impact at ground level that is most relevant to consider.  
Given that bush and black rats appear to co-exist in areas with a disturbance history, it 
is not immediately clear why the interference competition between these two species 
noted by Stokes et al. (2012) was not at play.  It is possible that differences in temporal 
and spatial patterns of activity meant that the two species avoided aggressive 
interactions, although this scenario would also have been a possibility for Stokes’ study 
system.  It is also possible that external factors, such as predation pressure at urban 
edges, kept rat densities below levels at which competition would become important 
to necessitate aggressive area defence. Competition is a density-dependent 
phenomenon, including competition between species, and a competitively inferior 
species might be tolerated if there is little to be gained from aggressive exclusion. High 
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turnover in edge sites with high predation pressure might also mean that neither 
species establishes for long enough to gain a residents advantage.  
It is also possible that co existence of the two species at edge and core weedy sites is 
explained by the presence of lantana, which is denser than native vegetation and may 
provide a physical and visual barrier restricting aggressive encounters.  Changes in 
habitat structure can mediate aggressive inter specific encounters (Brown, 1971) and 
an increase in habitat complexity reduced aggression between clones of a 
parthenogenetic gecko Lepidodactylus lugubris (Short and Petren, 2008).  If lantana 
does indeed reduce aggressive encounters this would in turn facilitate the partitioning 
of time and some habitat features that was observed, which allows co existence 
(Kotler et al., 1993, Ziv et al., 1993).   
Conclusions and implications for future study 
Neither the spill -over hypotheses (to explain black rat use of urban edges) nor the 
residency hypotheses (to explain lower bush rats numbers at urban edges) were 
clearly supported by the camera trapping results. Therefore it appears that poor 
quality habitat at the urban edge for bush rats (Chapter 2) is not explained by 
competition from black rats. Lack of clear support (at macro scale) for the residency 
hypothesis may have been due to the patchy distribution of black rats, specifically a 
lack of representation in the data set of sites with moderate to high black rat activity 
(Figure 4.5). Black rat distribution may be characteristically patchy locally since it also 
occurred in a recent study of the species along Sydney urban edges (Weerakoon, 
2011). When studying this species locally in future, compensation for patchy 
distribution by using larger sample sizes, or prior determination of black rat presence 
may be helpful. Recognition of site history (which was beyond the scope of this study) 
may be important in revealing underlying causes for such patchiness, which has 
important implications for understanding urban black rat ecology.  
Additionally, although methods similar to those used in this study have been used 
successfully to detect patterns in species abundance (Martin and Banks, 2010, Karanth 
and Nichols, 1998), short term use of camera traps may not give reliable estimates of 
population density. Moreover, as highlighted in Chapter 2, density can be a misleading 
indicator of habitat quality (after Van Horne, 1983) and assessment of the fitness of 
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individuals in the different habitats would give a better idea of the relative quality of 
habitats for the two species. Demographic data (Chapter 2) suggests that edge habitats 
were poorer quality for bush rats- if these habitats were of relatively high quality for 
black rats this result would support predictions of the resident’s advantage hypothesis 
Investigation of demographic and temporal aspects (e.g. Stokes et al., 2009b), or 
manipulation experiments (e.g. Stokes et al., 2012, Maitz and Dickman, 2001) 
(particularly targeted removal of black rats using a vertical rodenticide system such as 
developed by the Invasive Animals Conservation and Research Centre (Meek 2012)) 
would allow greater insight into the black rats role in mediating ecological functions at 
the urban edge, a subject with many knowledge gaps but which is important to 
develop (Banks and Hughes, 2012).  
These findings support results from Chapter 2 and Chapter 3 demonstrating that 
invasive species are not necessarily directly detrimental to native fauna at urban 
edges. The question of what drives loss of habitat quality at urban edges for bush rats 
thus remains unclear and will be addressed in the thesis general discussion.   
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CHAPTER 5 General discussion 
 
SUMMARY OF KEY FINDINGS 
My overall objectives in this thesis were to firstly fill gaps in our understanding of 
invasive species impact at Australian urban edges, secondly to test current theoretical 
frameworks of edge effects and invasion biology and thirdly to assist predictions of the 
outcomes of reintroduction programs. 
I assessed habitat quality for the bush rat at urban edges on the Central Coast NSW, 
with a focus on the impact posed by two invasive species, the weed lantana, and the 
introduced black rat. I compared bush rat population and demographic differences 
between edge, core weedy and core habitats and examined their habitat use at two 
scales. I found that that the urban edge was relatively poor quality habitat for bush 
rats and my results fitted predictions of the ecotone/matrix model (Lidicker, 1999) of 
an ecotone response, which reflects lantana’s role as an emergent property of the 
edge. Rather than reducing habitat quality, lantana density was positively correlated 
with bush rat abundance indices at edges indicating that it may ‘seal’ the edge, 
ameliorating deleterious edge effects.  Further, core weedy habitats were of equal 
habitat quality to undisturbed core habitats for bush rats, and lantana was a predictor 
of habitat use at a fine scale, supporting the concept that lantana maintains or 
increases bush rat habitat quality.  
I also found that plant architecture, measured as the evenness of vegetation on the 
vertical plane, was an important predictor of small mammal fine scale habitat use, 
particular the cavity: low architecture. Homogeneous architecture (vertically even 
cover) was also preferred and vegetation with taller cavities was used less than 
predicted from availability. Lantana altered habitat structure by increasing density and 
by reducing leaf litter depth but generating more consistent leaf litter cover. It also 
increased the evenness of vegetation growth on the vertical plane. Bush rats preferred 
to use denser patches and the cavity: low architecture when moving through lantana.  
I then used a GUD experiment to test the hypothesis that bush rat perceived lower 
predation risk under lantana, native vegetation as compared to open ground. I found 
that vegetation structure reduces bush rat perceived predation risk irrespective of 
Chapter 5 General discussion 
 
102 
 
species (lantana vs native), which explains why plant structure is often more important 
than floristics in predicting habitat use by small mammals (Bennett, 1993, Garden et 
al., 2007, Friend and Taylor, 1985, Spencer et al., 2005). 
Finally, I tested predictions of the residency hypothesis (Stokes et al., 2012, Stokes et 
al., 2009b, Stokes et al., 2009a) that inter- specific competition from resident black rats 
would lower habitat quality at the urban edge for bush rats. I used remote sensing 
video cameras to compare bush and black rat abundance indices and to look for 
evidence of temporal, spatial or habitat partitioning in the same three macrohabitat 
types used previously (Chapter 2).  Contrary to my predictions, there were no strong 
indicators of competition such as negative associations of population abundance and 
the two species co existed at several sites. Patchy distribution of black rats may explain 
the lack of support for the residency hypothesis, or the presence of lantana at edge 
and core weedy sites may have mediated competition by providing visual and physical 
barriers, thus facilitating co existence.  
Together, the sets of results point to three general issues about the study of invasive 
species and small mammal habitat use.  
1. Spatial considerations in the assessment of habitat quality 
The apparent contradiction that urban edges (with abundant lantana) were poor 
quality habitat for bush rats (based on their demography) yet lantana was preferred by 
bush rats in their movements (based on fine scale spooling data) highlights the 
importance of scale in determining habitat quality. Consideration of scale is vital in 
ecological studies (Haythornthwaite and Dickman, 2006, Leiner et al., 2010) and a 
detailed understanding of bush and black rat habitat use could not have been gained 
without the use of multiple scales of measurement. Indeed I found that important 
habitat preferences were revealed at a finer scale even than microhabitat. When I 
examined path within one microhabitat feature (lantana), a masking effect was 
discovered as the preference for a path within lantana over rode preference for other 
habitat features known to be important to bush rats such as the structural complexity 
represented by small logs and leaf litter depth. In chapter 3 I showed that this 
preference was likely due to the reduced perception of predation risk. This multi-
scaled examination revealed how a weed species increased one (spatial) aspect of 
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habitat quality (i.e. safety from predation) and use by native fauna while at another 
scale it reduces it.  
2. The importance of plant architecture 
A close examination of bush rat movement patterns identified that plant architecture 
was likely to be important in their choice of habitat, something that has seldom been 
considered in detail for ground dwelling mammals. The concept of foliage height 
diversity (FHD) was developed as an explanation for bird habitat use and it was 
suggested that the positive correlation between FHD and bird diversity was due 
increased foraging space and facilitation of habitat partitioning (MacArthur and 
MacArthur, 1961). Mechanisms to explain how FHD explains species distribution and 
habitat use have since rarely been tested, particularly for non-bird taxa. Use of such 
habitat structures by small mammals has been reported previously (Frazer and Petit, 
2007, Sanecki et al., 2006a) but the specific role of architecture has not been 
empirically tested. It is likely that bush rats use complex plant architecture because it 
provides both a clear pathway for escape with visual and physical protection, which 
suggests that it may be an important mediator of small mammal perceived predation 
risk. If architecture is the general cue small mammals use to assess safety, it is possible 
that the alien/native status of the plant species proving such architecture is not 
relevant to this aspect of habitat use. 
3. Taking a mechanistic approach to understanding positive alien-native 
interactions 
That bush rats made preferential use of lantana, one of Australia’s worst weeds, 
suggests a positive ecosystem role for this alien species at certain ecological scales, an 
idea which runs against the entrenched management dogma that all alien species are 
bad and need to be eradicated in all situations. Similarly, as bush rats were able to 
coexist with alien black rats, vertebrate pest control may not always be the most 
urgent imperative when aiming to conserve local endemic fauna.  Lantana may be 
helpful to certain fauna at the urban edge, and by sealing the edge may prevent or 
slow the establishment of worse environmental weeds; however, at a landscape scale 
it threatens biodiversity (Coutts-Smith and Downey, 2006b). Investigation of invasion 
processes at the urban edge has been well studied (particularly where they apply to 
plant species), however, the flow on effects such as impacts to native fauna are less 
well known, apart from a few well documented examples (e.g. Suarez et al., 1998, 
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Bolger, 2007). My results indicated that invasive species do not necessarily cause 
negative faunal responses at urban edges which is perhaps surprising given the level of 
threat invasive species pose to endemic flora and fauna (International Union for the 
Conservation of Nature, 2013). This conclusion is strengthened by the fact that the 
focus species represented disparate taxa: plant (lantana) and animal (black rat).  What 
was most important, however, was that my results tested the mechanistic basis for the 
nature of the interactions between native and aliens.  
I found the ecotone/matrix model (Lidicker, 1999) to be a useful predictor of bush rat 
edge response.  Lantana was revealed to be an emergent property of the urban edge, 
with density improving habitat quality there. I used a manipulative experiment to 
explore the mechanism driving this process and demonstrated that lantana acts as a 
‘structural proxy’ for native vegetation in reducing bush rat perceived predation risk.   
These results add to the body of evidence from American (Mattos and Orrock, 2010, 
Dutra et al., 2011), and Australian studies (Gosper and Vivian-Smith, 2006, Goth and 
Vogel, 2002, Virkki et al., 2012) that weeds can advantage some small fauna and have 
important ecological function. Use of existing theoretical frameworks to guide 
methods and interpret results enhanced the understanding of which mechanistic 
processes might be explaining bush rat responses. Conversely, using empirical results 
to support such frameworks strengthens their development and will ultimately lead to 
greater predictive power. I advocate this approach for future studies. For example, the 
ecotone/matrix model used in this study would be strengthened by further studies 
which use mechanistic approaches such as manipulative as well as observational 
methods in order to untangle the complex processes which drive population 
abundance patterns. 
An understanding of the causative mechanisms for the lack of habitat quality at the 
urban edge is required if bush rats are to be returned to urban bush land fragments 
where they have become locally extinct. I demonstrated that invasive species per se do 
not explain the drop in quality, so while the cause remains unknown, the weed effect 
can be discounted. Three key findings from this study point to a likely causative 
mechanism of negative edge effects for bush rats; firstly lantana grows more densely 
than native vegetation, secondly lantana density is positively correlated with bush rat 
abundance at poor quality urban edges (i.e. lantana density appears to reduce edge 
Chapter 5 General discussion 
 
105 
 
effects), and thirdly  dense lantana reduces perceived predation risk. From these 
findings it can reasonably be inferred that predation risk may be why edges are low 
habitat quality for bush rats, and it is also possible that lower food quality is also 
implicated. An initial motivation for this study was to inform a larger study 
reintroducing the bush rats to Sydney harbour foreshore to block reinvasion by black 
rats (Banks et al., 2010-2012). My results show that while habitat quality may be low at 
urban edges for bush rats, they do persist there, and weeds (which are common in the 
Sydney harbour foreshore) are not necessarily the direct cause of the decline in habitat 
quality and may in fact improve habitat quality, at least in terms of refuge from 
predation.  
FUTURE DIRECTIONS 
Every research project inevitably brings new questions to the fore and based on my 
research I suggest three areas where our understanding is poor and future research 
would be beneficial. 
Firstly, changes to ecosystem function usually result in flow- on effects such as 
modifying species interactions or resource flow (Fagan et al., 1999, Ewers et al., 2012, 
Laurance, 2000, Ries and Sisk, 2004). For example amur honeysuckle Lonicera maackii, 
a species native to Asia, is an established weed in the United States, which thrives on 
edge environments. This invasive plant species has in turn advantaged an avian seed 
disperser, the American robin Turdus migratorius , and the composition of dispersed 
seed was consequently altered for up to 1.5 km away (Watling and Orrock, 2010). The 
first suggested avenue of future investigation relates to the importance of 
understanding the wider effects of weed infestation on ecosystem function in 
Australia. By changing the structure of the environment and supporting bush rat 
populations (Chapter 2) lantana may cause flow- on effects which may cascade beyond 
the immediate environment. 
For example, I demonstrated that bush rats travel more under lantana than native 
vegetation (Chapter 2). Given that bush rats cache food (Taylor and Calaby, 1988, 
Woodside, 1983) it is important to determine the potential for negative changes to 
native plant species propagation if caching of native seeds occurs under an 
alleleopathic or suppressive plant such as lantana. Predation rate of native seeds can 
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be greater under cover of weeds. As native seed stocks deplete, the weed reproduces 
with less competition+ leading to a cycle whereby the weed is advantaged by apparent 
competition (Mattos and Orrock, 2010, Meiners, 2007). Another important question is 
whether the support of bush rat populations by lantana affects the wider faunal 
community. For example, although bush rat perceived predation risk did not differ 
between lantana and native vegetation, this may not necessarily reflect predator 
success and it is possible that  bush rat predators could be affected by increased 
abundance or decreased accessibility of prey in weedy patches, as can occur in 
invertebrate populations (Pearson, 2009).  
A second area of research I suggest is further investigation into the implications of 
vegetation architecture as an important habitat feature at a fine scale for small 
mammals. This has significant implications for increasing our understanding of small 
mammal habitat use.  For example, it may offer an additional or alternative 
explanation for microhabitat use by fauna to measures of habitat complexity used 
more traditionally in Australian small mammal studies (e.g. Warneke, 1971, Bennett, 
1993, Cunningham et al., 2005, Holland and Bennett, 2009). There is also scope to 
explore the relationship between vegetation architecture and perceived predation risk 
since an attempt here (Chapter 3) failed for logistical reasons. Had testing been 
possible, I had predicted that vegetation architecture – either evenness of vegetation 
or stem strength and orientation – would explain bush rat strong ‘preference’ for 
lantana due to mediation of perceived predation risk. Another an important question 
is whether prey can differentiate between factors that obstruct detection by 
predators, and those that obstruct access by predators. These are separate 
mechanisms which have different importance for prey (Verdolin, 2006) and the 
operation of them may be determined by vegetation architecture. Use of artificial 
structures may better enable some of these questions to be explored as attempts to 
use live extant vegetation proved too difficult for practical reasons. Such structures 
have been used successfully to examine other questions relating to perceived 
predation risk (Stokes et al., 2004, Mattos and Orrock, 2010, Arthur et al., 2004). 
A third avenue for research is to redress the skew towards plants in investigations of 
species invasion at the edge; by comparison there are relatively few studies involving 
fauna. Australia has an abundance of invasive fauna species, many of which are listed 
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as key threatening processes (NSW Office of Environment and Heritage, 1995) and 
understanding the role of urban edges in the invasion processes of such species is 
critical for effective management of feral species for example development of threat 
abatement plans. The most effective approach would incorporate testing of 
established invasion hypotheses (Jeschke et al., 2012, Catford et al., 2008) so that 
predictive models can be developed to the same extent as they have been for edge 
theory.  
MANAGEMENT IMPLICATIONS OF MY RESULTS 
My results have important implications for weed management practices. Weed 
management in natural areas falls under the auspice of bush regeneration- a practice 
designed to remove the weeds and restore the native vegetation, assuming that once 
the native plants are restored, the native wildlife will follow. An important principle of 
bush regeneration is the avoidance of unintended negative effects to biota (Wright, 
1991), although this aspect has only very recently become a research focus (O'Meara 
and Jack, 2011, Lindenmayer et al., 2013, Martin and Banks, 2010).  My findings 
empirically support the common understanding that weed structure can provide 
important habitat for wildlife and should be removed slowly and patchily to allow 
structural replacement to occur by native vegetation. Further, my results highlight the 
need for attention to structure when planting vegetation at the urban edge; it may be 
particularly important at the urban edge to replace invasive species with native plants 
carrying the same traits (Gosper and Vivian-Smith, 2006). As habitat quality is 
improved by dense plant structure particularly where it grows along the edge, 
structural augmentation may be a useful consideration where urban sensitive species 
require protection from edge effects. Fast – growing species, those with a lateral stem 
structure and tendency to form a low cavity similar to lantana would be most likely to 
maximise the effect.  It is also possible that dense vegetation with strong architecture 
may ameliorate perceived predation risk by discouraging, or providing a buffer against 
anthropogenic disturbance.   
My results also have implications for the conservation assessment of habitat quality 
from floristic composition. Vegetation condition assessment methods used for offset 
programs such as the NSW biodiversity banking and offset scheme (Department of 
Environment and Climate Change, 2008) incorporate consideration of weed extent 
Chapter 5 General discussion 
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(Parkes et al., 2003, Gibbons and Freudenberger, 2006), which is considered to reduce 
land quality by impacting biodiversity. My result clearly demonstrates that weedy 
patches may have valuable role acting as a reservoir for native fauna, and that 
vegetation structure and function are important indicators of land quality as well as 
composition, and should be included in vegetation assessment methods (Gibbons and 
Freudenberger, 2006).  
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